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PREFACE 


The  Third  Symposium  is  held  at  the  Bundesakademie 
ftir  Wehrvervaltung  und  Wehrtechnik  ( BakWVT ) , 

Mannheim,  FRG,  from  July  10  to  13,  1989.  \ 

This  Symposium  is  one  of  a  series  started  in  1983 
in  Quantico,  VA,  USA.  The  Second  Syaposiua  was  held 
in  Neurim,  Israel,  1986. 

The  Syaposia  have  international  attendance.  The  aain 
purpose  of  these  Symposia  is  to  provide  a  forum  for 
the  discussion  of  the  special  problems  in  the  field 
of  analysis  and  detection  of  explosives:  fundamental 
studies,  applications,  development  of  instrumentation 
and  methods  and  their  evaluation  and  the  improvement 
of  established  techniques.^ 

About  20  countries  are  expected  to  be  represented  at 
the  Symposium.  48  papers  have  been  submitted.  Of  these 
papers  four  have  been  withdrawn. 


■The  Symposium  also  includes  the  display  of  instrumen¬ 
tation  and  equipment  specialized  for  the  needs  of  the 
analysis  and  detection  of  explosives  research  community. 

Professor  Jehuda  Yinon  of  The  Weizaann  Institute  of 
Science,  Rehovot,  Israel  and  Dr.  Frank  Conrad  of  Sandia 
National  Laboratory,  Albuquerque,  NM,  USA,  have  been 
invited  as  Keynote  Speakers. 


For  the  first  time  we  have  managed  to  have  the  Proceed- \ 
ings  published  in  a  hardbound  volume  prior  to  starting 
the  Syaposiua.  He  hope  this  meets  with  your  approval . 

This  does,  however,  require  strict  adherence  to  dead¬ 
lines  for  publishing.  For  those  who  have  submitted  the 
manuscript  too  late,  we  offer  the  possibility  of  publi¬ 
cation  in  our  Journal  "Propellants,  Explosives  and  Pyro- 
techniques  * . 

Thank  you  all  for  your  kind  attendance.  He  wish  you  a 
most  informative  and  enjoyable  aeeting. 

Fred  Volk,  Fraunhofer  Institut  fOr  Chemische  Technologic 
Pfinstal,  FRG 


H.  Lehmann,  Bundesakadeaie  ftir  Hehrverwaltung  und  Wehr¬ 
technik,  Mannheim,  FRG 
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TBCHHIQPB8  FOR  THE  DBTBCTIOH  OT  BXPLOPIVB6 


Mister  Chairman 
Esteemed  Colleagues 
Ladies  and  Gentlemen 


Truly  I  feel  privileged  to  have  been  asked  to  deliver  the  keynote 
address  to  this  conference.  I  thank  you. 

I  personally  hope  that  the  tone  of  this  conference  will  be  the 
exchange  of  information,  ideas,  and  techniques  of  analysis  and 
detection.  I  tell  you  that  this  conference  is  significant  for  many 
reasons,  but  for  me  one  of  the  greatest  reasons  is  that  I  do  not 
have  to  try  to  explain  concepts,  numbers,  properties  and  actions  of 
molecules  to  governmental  people  who  do  not  understand,  and  explain 
these  in  such  a  way  that  they  think  that  they  do  understand.  Do 
you  have  that  problem  also?  Take  my  word — it  is  a  treat  to  talk  to 
people  who  understand  the  problem. 

The  title  of  this  address,  "Techniques  for  the  Detection  of 
Explosives,"  brings  to  my  mind  an  automatic  separation  into  Bulk 
Detection  and  Vapor  Detection.  There  has  been  much  research  in  the 
USA  in  both  fields  in  the  last  few  years.  Since  ay  area  of 
interest  is  vapor  detection,  we  will  first  consider  the  research  in 
the  bulk  detection  and  then  get  to  the  interesting  stuff. 

In  the  area  of  X-ray  the  main  developments  have  been  in  the 
compute*  enhancement  of  the  images.  Many  of  the  regular 
instruments  use  color  enhancement  to  assist  the  operators  in 
detecting  suspicious  articles  in  baggage.  However,  some  of  the 
newer  X-ray  units  work  differently.  One  unit  works  by 
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differentiating  the  compton  scattering  of  organic  materials  from 
the  photoelectric  attenuation  of  inorganic  materials  as  well  as  the 
transmitted  view  on  the  video  screen.  This  particular  unit  colors 
the  different  effects  with  different  colors.  Another  unit  uses 
baokscattering  to  give  additional  information  about  the  organic 
materials  in  bags  and  cases.  One  of  the  problems  with  this 
technique  is  the  thickness  of  bags  and  possible  shielding  material 
attenuating  the  backscattered  signal.  One  choice  for  a  fix  of  this 
problem  is  to  put  in  a  forward  scattered  detector  along  with  the 
backscattered  detector  which  they  have  done. 

A  new  technique  for  checked  luggage  is  the  Thermal  Neutron  Analysis 
(TNA)  device.  Although  TNA  itself  is  not  new  the  use  of  the 
technique  as  a  check  for  nitrogen  in  a  bag  at  an  airport  is  quite  a 
departure  from  what  has  been  acceptable  in  the  near  past. 

Extensive  testing  of  this  device  has  been  carried  out  in  airports 
in  our  state  of  California,  which  is  our  state  with  the  most 
stringent  safety  standards,  and  the  test  results  are  impressive. 

The  technique  of  Nuclear  Magnetic  Resonance  (NMR)  has  been  studied 
for  detecting  explosives  in  baggage  for  a  number  of  years.  The 
obvious  problem  is  when  metal  is  introduced  into  the  magnetic 
field.  You  know  you  have  a  problem  when  a  bag  passes  through  the 
magnetic  field  and  the  identification  tag  stands  straight  up  at  the 
end  of  its  metal  chain.  Although  there  are  problems  using  the 
technique  there  is  still  interest  in  NMR  applications. 

There  is  a  possibility  of  developing  a  low  power  microwave  detector 
as  an  explosives  detector.  Using  the  correct  frequency  to  get  the 
right  1/4  wave  length  one  can  measure  the  conductance  and  determine 
the  dielectric  constant  of  materials  through  other  materials  such 
as  cloth,  wall  board,  thin  steel,  etc.  This  could  allow  explosives 
and  other  materials  of  concern  to  be  detected  withe  .t  dismantling 
the  vehicle  or  disrobing  the  individual.  One  example  of  the 
operation  of  this  device  is  to  monitor  bodily  functions  such  as 
watching  a  heart,  move  within  a  chest  cavity  in  real  time  without 
operating.  A  few  years  ago  the  Lovelace  Foundation  in  Albuquerque, 
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New  Mexic  ,  did  some  work  on  monitoring  heart  functions  through  a 
wall  without  the  patient  knowing  and  being  disturbed  by  the 
monitoring. 

Now  let  us  look  at  the  interesting  science!  Let's  look  at  vapor 
detection  of  explosives.  The  techniques  that  we  discussed  before 
were  just  application  of  known  technology.  Now  we  are  entering  an 
unknown  space  where  everything  is  not  cut  and  dried  but  we  must 
learn  new  material.  At  this  time  let  me  apologize  to  any  "dog" 
people  who  might  be  here  because  I  have  not  addressed  their  problem 
at  all. 

Although  we  have  made  great  strides  in  vapor  detection  in  the  past 
few  years  we  still  have  many  problems.  One  main  problem  is  the 
pressure  that  is  being  applied  by  the  recent  incidents  in  the 
airline  industry.  Since  most  of  us  got  here  by  airplane,  no  one 
has  to  explain  the  urgency  of  developing  an  explosives  detector 
that  detects  all  the  explosives  of  interest. 

Since  we  cannot  actively  probe  people  with  neutrons.  X-rays,  or 
whatever,  we  must  concentrate  on  "sniffing"  the  vapors.  As  one 
looks  at  the  complete  field  of  vapor  detection  it  is  evident  that 
there  is  a  logical  division  of  the  field.  The  array  divides  into 
those  situations  that  require  "hand-held**  sampling  and  those  that 
require  "portal"  sampling.  For  example,  searching  a  building  for  a 
bomb  would  at  this  time  toe  a  hand-held  job  where  searching 
passengers  entering  an  airport  would  be  a  portal  scenario.  In 
effect  both  the  hand-held  and  the  portal  scenarios  have  identical 
requirements,  i.e.,  getting  the  sample  or  sampling,  separating  the 
explosives  molecules  from  air  and  interfering  compounds  or 
preconcentration,  and  having  a  detector  that  is  sensitive  enough  to 
detect  the  molecules. 

Any  investigation  obviously  starts  with  the  detector.  If  the 
derector  is  not  sensitive  enough  to  detect  what  is  collected  the 
enhancement  of  the  other  factors  will  not  help.  I  feel  there  are 
currently  four  detectors  to  choose  from  depending  on  the  scenario 
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for  use.  The  four  are  an  Electron  Capture  Detector  with  a  Gas 
Chromatographic  separator  (GC-ECD) ,  a  Mass  Spec/Mass  Spec  (MS/KS) , 
an  Ion  Mobility  Spectrometer  (IMS) ,  and  a  chemiluminescence 
Detector.  The  GC-SCD  and  the  IMS  detectors  are  logical  choices  for 
hand-held  devices  with  possible  applications  in  other  scenarios. 

The  Chemiluminescence  and  MS/MS  detectors  are  for  larger 
installations.  Let  us  say  something  about  each  of  the  detectors 
individually. 

All  of  us  who  have  GC  with  ECD  detectors  in  our  labs  know  that  the 
commercial  explosives  detectors  are  not  using  the  potential  of  the 
combination.  The  main  problem  is  that  since  these  molecules  are 
sticky,  the  sample  never  reaches  the  detector  and  therefore  cannot 
be  detected.  Look  for  a  new  GC-ECD  detector  in  less  than  a  year 
which  under  ideal  conditions  will  detect  all  the  molecules  of 
interest. 

In  a  paper  that  will  be  given  at  this  conference  we  will  describe 
an  evaluation  of  the  Oak  Ridge  KS/MS  which  was  built  for  sampling 
mail.  This  unit  was  very  easy  to  use  and  had  a  Limit  Of  Detection 
(LOD)  of  3  ppt  (30  femtograms/cc  air  in  6.4  cc  air/sec)  using  the 
quartz  sample  tube  as  a  preconcentrator. 

The  IMS  detector  as  represented  by  the  PC-100  sold  by  PCP  Inc. , 

West  Palm  Beach,  Florida,  has  increased  in  sensitivity  tremendously 
over  the  last  few  years.  We  mention  the  name  only  because  this 
unit  is  the  only  IMS  unit  that  we  have  numbers  on.  Recently  we 
repeated  the  Limit  Of  Detection  (LOD)  determination  on  this  unit 
and  found  it  to  be  0.3  ppt  RDX  (3  femtograms/cc  in  3  cc/sec  flow) 
in  air.  The  LOD  for  the  unit  with  a  quartz  tube  preconcentrator 
and  background  subtraction  is  a  factor  of  10  lover  than  the  above 
figure. 

The  chemiluaimescence  detector  is  a  sensitive  detector.  Upon  the 
addition  of  a  GC  column  the  detection  unit  becomes  also  specific 
and  selective.  I  do  not  have  the  exact  numbers  for  the  sensitivity 
of  the  most  recent  unit.  I  can  say  there  has  been  a  tremendous 
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amount  of  work  done  with  the  technique  in  the  last  two  years  and 
there  are  people  here  who  can  give  more  information  on  the 
technique. 

Next  let  us  discuss  sampling  of  an  explosives  vapor  from  a  person 
in  a  portal  configuration.  A  study  was  done  at  Sandia  on  this 
subject.  The  conclusion  was  that  the  best  way  to  take  a  sample 
from  an  individual  was  with  an  air  flow  down  across  the  head  of  the 
individual  to  the  feet  and  to  pick  up  the  sample  below  the  floor 
through  a  widely  spaced  grid.  It  seems  the  body  is  a  reasonably 
good  airfoil  and  the  air  flow  follows  the  contours  of  the  body 
(some  contours  easier  than  others)  and  picks  up  these  molecules. 
These  molecules  are  large  and  are  greatly  affected  by  air  flows. 

In  these  tests  they  showed  a  strong  preference  to  flow  in  a 
downward  direction  and  with  the  flow  of  the  air.  Recent  studies  in 
Canada  confirm  the  propensity  of  these  molecules  to  follow  the  air 
flow.  After  the  molecules  pass  through  the  grid  they  can  be 
trapped  on  a  preconcentrator  or  transferred  in  the  air  flow  through 
the  largest  tube  possible  to  the  preconcentrator.  We  have  already 
alluded  to  the  "stickiness’*  of  these  molecules  and  their  action  can 
be  simply  stated  that  if  they  touch  anything  they  stick  to  it. 
However,  if  they  do  not  touch  they  can  be  transported  to  the 
preconcentrator.  We  do  not  propose  to  tell  you  that  our  way  is  the 
only  way  to  sample  because  we  see  that  most  portal  units  sample 
from  the  side.  We  wonder  how  much  of  that  decision  was  from 
science  and  how  much  from  politics.  One  purveyor  of  commercial 
equipment  admitted  that  his  loss  going  to  the  side  flow  was  only  a 
factor  of  5  or  6.  I  happen  to  think  that  we  need  every  factor  we 
can  get  our  hands  on.  When  we  get  to  where  we  have  extra  factors 
of  sensitivity,  then  we  can  afford  to  throw  them  away,  but  not 
now.  To  summarize  this  section  it  is  sufficient  to  say  that  there 
remains  much  to  be  done  in  portal  sampling  of  explosives  vapors. 

Nov  let  us  discuss  a  preconcentrator.  A  simple  definition  of  an 
explosives  preconcentrator  is  a  selective  filter  that  picks 
explosives  molecules  from  a  large  air  flow  and  holds  them  while 
dumping  almost  everything  else  overboard.  These  trapped  molecules 


1-6 


are  then  released  into  a  smaller  flow  resulting  in  a  compression  of 
the  sample  and  therefore  enhanced  sensitivity.  From  studies  at  the 
University  of  Texas  at  Austin  it  was  learned  that  silicon  dioxide 
is  a  neutral  oxide  and  is  the  most  favorable  material  of  all  the 
materials  studied  for  a  preconcentrator.  We  have  used  quartz 
extensively  as  a  preconcentrating  material.  We  have  just  completed 
a  study  that  evaluated  a  6  mm  O.D.  quartz  tube  with  a  6.4  mm  quartz 
wool  plug  as  a  preconcentrator.  It  is  an  amazing  device  at  low 
flows.  Previous  work  had  proven  that  3.2  cm  O.D.  glass  tube  7.6  cm 
long  filled  with  glass  melting  point  capillary  tubing  works  well  as 
a  preconcentrator  at  flows  of  1000  L/min.  with  a  retention  factor 
of  approximately  30  percent. 

Most  of  the  other  preconcentrators  in  use  benefit  from  Sandia's 
experience  in  preconcentrators  in  that  they  use  some  form  of 
silicon  dioxide  coating  even  if  the  units  are  covered  with  a  GC 
coating. 

We  have  discussed  a  number  of  problems  that  we  have  with  these 
explosives  molecules.  However,  there  are  a  couple  of  additional 
characteristics  of  these  molecules  that  should  be  discussed  in  this 
presentation  and  the  first  one  is  their  adsorption  from  solutions. 
We  had  noticed  previously  when  standard  solutions  were  added  to 
different  glasses  we  obtained  different  concentrations  when  the 
resulting  solutions  were  analyzed.  Very  simply  stated  we  do  not 
have  standard  solutions  of  these  molecules  because  some  of  the 
molecules  adsorb  onto  the  walls  of  the  volumetric  containers. 

After  studying  this  problem  at  Sandia,  it  was  found  that  different 
glasses  adsorb  different  quantities  of  explosives  molecules  from 
various  solvents.  In  each  case  where  the  molecules  were  in 
solution  in  a  solvent  the  coverage  on  the  glass  was  limited  to  one 
monolayer  as  compared  to  multilayer  coverage  on  glass  surfaces  when 
the  molecules  were  adsorbed  from  vapor.  When  the  glass  surfaces 
were  silylized  there  was  no  adsorption  from  the  solutions  studied. 
We  find,  however,  that  silylization  of  glass  surfaces  has  little  or 
no  effect  when  capturing  explosives  vapors  in  a  preconcentrator. 
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The  second  chacteristic  that  should  be  discussed  is  the  diffusion 
of  these  molecules  from  boxes  and  bags.  He  will  not  spend  much 
time  on  this  subject  because  Professor  Thomas  Griff y  will  give  us 
the  theoretical  equations  for  the  diffusion  of  these  molecules. 

The  tests  that  we  have  done  indicate  that  the  diffusion  times 
calculated  by  the  professor  for  these  molecules  are  reasonable. 
However,  if  one  expects  to  detect  explosives  vapors  from  bags  or 
boxes  by  sampling  the  outsides  of  the  containers  near  cracks  and 
holes,  the  times  will  be  inordinately  long. 

In  closing,  I  must  say,  "let  us  not  be  complacent  and  think  the  job 
has  been  done".  Actually,  we  have  almost  succeeded  in  defining  the 
problems.  I  think  we  can  all  agree  on  several  points,  the  first 
being  that  explosive  molecules  are  difficult  to  work  with,  when  you 
can  find  them.  The  physical  problems  of  sampling  have  had  to  be 
deciphered  and  solved.  Yet  there  still  remains  some  questions, 
particularly  in  the  area  of  personnel  sampling  in  booths. 

Secondly,  preconcentration  is  a  virtual  necessity  for  vapor 
detection  of  explosives.  Again,  a  great  deal  of  effort  by  many 
groups  has  focused  on  this  problem  and  although  the  problems  may 
seem  to  have  been  solved  for  the  most  part  there  is  additional  work 
to  do.  We  still  must  strive  toward  the  impossible  goal  of  100% 
collection  efficiency.  Lastly,  perhaps  the  most  difficult  problems 
have  been  encountered  in  the  techniques  for  explosives  detection 
because  of  the  very  low  vapor  pressure  of  most  explosives.  Again, 
technology  has  been  developed  which  can  detect  most  explosives 
under  controlled  conditions.  However,  there  remains  much  to  be 
done  in  this  area  because  the  limit  of  detection  of  these  systems 
simply  are  not  good  enough  yet  to  meet  the  demands  of  detecting 
devices  prepared  by  technically  competent  terrorists. 


Thank  you. 
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ABSTRACT 

The  analysis  of  explosives  and  their  metabolites  in  body  fluids 
is  of  great  importance  because  of  the  toxicity  of  many  explosives. 

Personnel  working  in  explosives  and  ammunition  manufacturing  plants  are 
exposed  to  these  toxic  compounds  which  present  a  major  health  hazard. 
Periodical  analysis  of  blood  and  urine  of  such  personnel  has  to  be  made  in 
order  to  detect  traces  of  explosives  and/or  their  metabolites. 

In  the  environmental  field,  disposal  of  obsolete  ammunition  and 
discharge  of  waste  waters  from  explosives  manufacturing  plants  may  cause 
serious  contamination  problems.  Trace  analysis  of  water  and  soil  for  ths 
detection  of  explosives  and  their  degradation  products  is  therefore  of 
great  importance. 

Examples  of  analytical  methods  including  GC,  HPLC,  GC/MS  and 
LC/MS  for  the  analysis  of  explosives  in  body  fluids,  in  water  and  in  soil 
will  be  presented. 

1.  INTRODUCTION 

All  of  us  know  about  the  destructive  properties  of  explosives 
when  detonated.  However,  the  toxicity  of  many  explosives  present  a  major 
health  hazard  for  ammunition  workers  and  military  personnel  exposed  to 
explosives  [1].  For  example,  during  the  first  seven  and  a  half  months  of 
World  War  I,  17,000  TNT  poisoning  cases,  including  475  deaths,  occurred  in 
munition  factories  in  the  U.S.  [2].  However  in  World  War  II,  during  a 
period  of  4  years,  the  total  number  of  fatalities  reported  from  all 
government -owned  explosive  plants  in  the  U.S.  amounted  to  22  [3J.  This 
lower  rate  of  explosives  poisoning  fatalities  was  believed  to  be  the  direct 
result  of  a  better  understanding  of  the  toxicity,  diagnosis  and  prevention 
of  explosives  poisoning. 
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Several  cases  of  intoxication  with  composition  04,  containing 
RDX,  occurred  during  the  Vietnam  war  and  after  it.  Because  it  is  a 
malleable  solid,  burns  without  explosion,  and  is  relatively  insensitive  to 
impact  and  friction,  composition  C-4  can  be  easily  transported  and  stored 
without  special  precautions.  It  was  therefore  used  as  a  field  cooking  fuel 
which  was  the  origin  of  many  cases  of  intoxication  [4]. 

Many  studies  were  undertaken  to  determine  the  channels  of 
absorption  of  explosives  by  the  human  body  and  the  symptoms  and  clinical 
manifestations  of  poisoning  by  various  explosives.  In  all  these  studies 
analyses  of  body  fluids  of  animals  and  humans  exposed  to  explosives  were 
done  in  order  to  detect  traces  of  these  compounds  and  their  metabolites. 
Periodical  analysis  of  the  body  fluids  of  personnel  working  in  explosives 
manufacturing  plants  is  therefore  necessary  in  order  to  detect  traces  of 
these  explosives  and  their  metabolites  in  the  body  fluids. 

In  the  environmental  field,  disposal  of  explosives  and  their 
degradation  products  from  munitions  manufacturing  plants  and  disposal 
sites,  presents  a  serious  and  potentially  hazardous  contamination  problem 
[5],  For  example,  a  single  TNT  manufacturing  plant  can  generate  as  much  as 
500,000  gallons  of  waste  water  per  day  which  contain  TNT  as  well  as  other 
nitrocompounds.  Upon  exposure  to  sunlight  some  of  these  compounds  undergo 
chemical  transformation,  producing  highly  colored  s\ibstances.  In 
shell-loading  plants  large  volumes  of  water  are  used  to  wash  out  residual 
explosives.  All  these  waste  waters  are  disposed  of  by  discharging  them 
into  rivers  or  streams.  Trace  analysis  of  soil  and  water  for  explosives 
and  their  degradation  products  is  of  great  importance  in  order  to  reveal 
the  level  of  explosives  contamination. 

2.  TOXIC  EFFECTS  OF  EXPLOSIVES 

Many  of  the  widely  used  explosives  have  various  toxic  effects, 
and  accordingly  the  symptoms  and  clinical  manifestations  are  different. 

A.  2.4.6-Trinitrotoluene  (TNT) 

(1).  bermatitls.  Typical  signs  and  symptoms  of  dermatitis  are 
irritation  of  the  skin  producing  staining,  redness,  hardening  and  scaliness 
of  the  skin  [6].  The  initial  lesion  is  usually  noted  on  the  exposed  hands 
and  forearms.  TNT  stains  the  skin  of  the  hands  a  light  yellow  and 
discolors  the  hair  to  a  reddish  blond  {7]. 
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(2) .  Gastritis,  Gastric  complaints  include  nausea,  vomiting,  a 
feeling  of  fullness  and  occasionally  a  rather  typical  peptic  ulcer  syndrome 
[8J.  It  appears  that  complaints  about  gastrointestinal  disordirs  such  as 
distress,  nausea,  vomiting,  loss  of  appetite  and  diarrhea  are  among  the 
first  signs  and  symptoms  of  severe  TNT  poisoning  involving  the  liver  [9]. 

(3) .  Cyanosis ■  One  of  the  typical  signs  of  TNT  poisoning  is 
cyanosis,  which  shows  itself  by  a  darkening  of  the  blood  color  and  in  a 
palor  of  the  skin  with  blueness  of  the  lips  [9].  Cyanosis  is  due  to  a 
chemical  change  in  the  hemoglobin  of  the  red  blood  corpuscles,  forming  a 
mixture  of  methemoglobin  and  NO-hemoglobin  and  a  consequent  damage  to  the 
oxygen-carrying  functions  of  the  blood  [101. 

(4) .  Toxic  jaundice.  Toxic  jaundice  is  a  sign  of  advanced  TNT 
poisoning  and  indicates  severe  liver  damage.  It  carries  a  30%  mortality 
[10J.  The  symptoms  include  subcutaneous  hemorrhages  and  pain  in  the  area 
of  the  liver.  Although  toxic  jaundice  is  usually  associated  with  less 
serious  symptoms,  such  as  nausea,  vomiting  and  cyanosis,  it  may  occur 
suddenly  without  any  other  signs  of  poisoning  [2]. 

(5) .  Aplastic  anemia.  Aplastic  anemia  is  an  advanced  and  severe 
type  of  TNT  intoxication  which  is  nearly  always  fatal.  In  aplastic  anemia 
the  blood-forming  organs  fail  in  function  and  a  progressive  loss  of  the 
blood  elements  results.  Aplastic  anemia  may  or  may  not  be  preceded  by 
jaundice  [10,11].  The  signs  and  symptoms  of  aplastic  anemia  may  be  noticed 
only  at  a  very  late  stage.  These  are  palor,  fatigue,  giddiness, 
breathlessness  on  exertion,  loss  of  appetite  and  weight,  mild  cough  and 
bleeding  from  the  nose  and  gums  [3,12]. 

(6) .  Other  symptoms.  Signs  and  symptoms  of  TNT  poisoning  in  the 
nervous  system  consist  of  dizziness,  headache,  fatigue  and  sleepiness  [9]. 
In  severe  cases  delirium,  convulsions  and  coma  may  appear  [13].  Cataract 
was  diagnosed  in  long-term  TNT  workers  [14]. 

B.  1.3.S-Trinltro-l .3 , 5-triazacyclohexanc  (hexogen,  RDX) 

Symptoms  and  clinical  manifestations  include  convulsions  followed 
by  loss  of  consciousness.  Additional  clinical  symptoms  observed  in  humans 
poisoned  by  RDX  included  muscular  cramps,  dizziness,  headache,  nausea  and 
vomiting  [15,16].  The  most  frequent  abnormal  laboratory  finding  was  a 
transient  elevation  of  the  white  blood  count  [17]. 
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C.  Tetrvl 

(1) .  Dermatitis.  Dermatitis  is  the  most  common  symptom  of  tetryl 
poisoning.  The  dermatitis  generally  occurs  between  the  second  and  third 
week  of  exposure  [10,18].  Tetryl  dermatitis  begins  nearly  always  on  the 
face.  First  there  is  a  slight  itching  and  irritation,  followed  by 
puffiness  around  the  eyes  and  a  reddening,  drying  and  cracking  of  the  skin. 

(2) .  Gastric  tract.  The  main  symptoms  of  gastric  disorder  due  to 
tetryl  poisoning  are  nausea  and  anorexia  [19].  Other  symptoms  observed  are 
epigastric  pain,  vomiting,  diarrhea  or  constipation  [20]. 

(3) .  Other  symptoms.  Additional  symptoms  observed  in  tetryl 
workers  included  headache,  fatigue,  vertigo,  nervousness,  sweating, 
insomnia,  depression  and  apathy  [20]. 

D.  Nitroglycerin  (NO) 

The  threshold  for  producit.q  symptoms  is  so  low,  that  the  mere 
standing  near  a  worker  with  traces  of  NG  on  his  body  or  clothes  is 
sufficient  to  induce  prompt  manifestations  [21].  The  most  common  symptoms 
of  NG  poisoning  -  mainly  due  to  reduction  of  blood  pressure  -  are  headache, 
throbbing  in  the  head,  palpitation  of  the  heart,  nausea,  vomiting  and 
flushing.  In  severe  cases,  the  signs  are  not  due  entirely  to  lowering  of 
blood  pressure.  The  heart  muscle  is  affected  directly  and  the  heart  beats 
are  weakened.  There  may  be  delirium  and  convulsions  or  sudden  collapse. 

The  breathing  is  at  first  quickened  and  deepened,  the  respirations  become 
slower  and  shallower,  and  death  finally  occurs  from  asphyxia  due  to 
paralysis  of  the  respiratory  center  [22].  Mental  disturbances  due  to  NG 
exposure  include  drowsiness,  stupor,  insomnia,  mental  confusion,  dizziness, 
hallucinations  and  maniacal  manifestations  [22].  After  continuous  exposure 
to  NG  for  a  number  of  years,  an  interruption  of  the  exposure  may  be 
followed  by  pains  in  the  chest.  The  pains  resemble  attacks  of  angina 
pectoris  but  do  not  occur  in  relation  to  exercise  or  emotional  stimuli. 
These  symptoms  are  called  "withdrawal  symptoms"  and  may  sometimes  result  in 
death  [23 j.  Several  cases  of  sudden  death  in  workers  exposed  to  NG  have 
been  reported  [24].  Death  occurred  on  the  weekends  or  on  Monday  morning, 
30-72  hours  after  previous  exposure  to  NG. 
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3.  ANALYSIS  OF  EXPLOSIVES  IN  BODY  FLUIDS 

Analysis  of  traces  of  explosives  and  their  metabolites  in  urine, 
blood  and  plasma  has  been  carried  out  by  a  variety  of  methods  including  gas 
chromatography  <GC),  high  performance  liquid  chromatography  (HPLC),  gas 
chromatography/mass  spectrometry  (GC/MS)  and  liquid  chromatography/mass 
spectrometry  (LC/MS).  An  integral  and  important  part  of  such  an  analysis 
is  the  extraction  of  the  explosive  and/or  metabolites  from  the  body  fluid 
before  the  actual  analysis.  Several  examples  of  such  analyses  will  be 
described  for  various  explosives. 

A.  Gas  chromatography  (GC) 

Hexane  extraction  of  NG  in  plasma  and  analysis  by  GC  with 
electron  capture  detection  was  used  by  Hennig  and  Benecke  [25].  They  used 
a  1  in*3  mm  I.D.  silanized  glass  column  packed  with  3%  OV-17  and  3.9%  QF-1 
on  Chromosorb  WAW-DHCS  with  nitrogen  as  carrier  gas  at  a  flow  rate  of  85 
ml/min.  Temperatures  of  injector,  column  and  detector  were 
150*,  110*  and  150'C  respectively.  Calibration  and  quantitation  were  done 
with  dinitrobenzene  (DNB)  as  internal  standard.  The  lowest  detection  limit 
of  NG  in  plasma  was  0.1  ng/ml  and  the  linearity  range  was  0.2  to  30  ng/ml. 

Capillary  column  GC  has  been  used  extensively  for  the  analysis  of 
NG  and  its  metabolites  from  plasma  extracts.  Lee  et  al.  [26]  used 
capillaiy  GC  with  an  electron  capture  detector  and  on  column  injection  for 
the  determination  of  NG  and  its  dinitrate  metabolites  in  human  plasma. 

1  ml-plasma  samples  were  spiked  with  2,6-dinitrotoluene  as  internal 
standard  and  extracted  with  10  ml  of  a  mixture  of  methylene 
chloride-pentane  (30:70).  The  column  was  a  25  m><0.32  mm  I.C.  fused  silica 
capillary  column  HP-I.  The  carrier  gas  was  hydrogen  at  a  flow  rate  of  15 
ml/min.  Column  temperature  was  held  at  96’C  for  9  min  and  then  increased 
at  4'C/min  to  126*C.  The  limits  of  detection  for  NG,  1,2-dinitroglycerin 
and  1,3-dinitrcglycerin  in  plasma  were  0.025,  0.1  and  0.1  ng/ml 
respectively. 

B.  High-performance  liquid  chromatography  (HPLC) 

A  method,  described  by  Turley  and  Brewster  [27],  uses  HPLC  with 
UV  detection  at  240  nm  to  detect  RDX  in  serum  and  urine.  The  internal 
standard  was  1  mg/ml  of  p-nitroacetanilide  (PNA)  in  water.  The  samples 
were  eluted  with  0.5  ml  of  methanol  through  C-18  bonded-phase  columns  at  a 
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pressure  of  30-40  kPa  (in  order  to  separate  RDX  from  interfering 
compounds),  then  evaporated  to  a  volume  of  0.1  ml  of  which  0.05  ml  was 
injected  into  the  HPLC.  The  column  wes  a  reversed-phase  30  cm*3.9  mm  I.D. 
p  Bondapack  C-18  column.  The  mobile  phase  was  methanol-water  (35:65)  at  a 
flow  rate  of  1.8  ml/min.  Figure  1  shows  an  HPLC  chromatogram  of  urine 
containing  RDX,  the  internal  standard  PNA  and  phenobarbital,  which  was  used 
as  an  anticonvulsant  for  seizures  produced  by  RDX  poisoning.  The  lowest 
limit  of  detection  of  RDX  was  found  to  be  0.1  mg/1. 

Fine  et  al.  [28]  used  HPLC  with  a  thermal  energy  analyzer  (TEi(®) 
detector  for  the  analysis  of  RDX  in  blood.  The  HPLC  column  was  a  30 
cmx3.9  mm  I.D.  p  Bondapack  CN  column.  The  mobile  phase  was 
isooctane-methylene  chloride -methanol  (60:30! 10)  at  a  flow  rate  of  1.5 
ml/min.  5  ml  of  plasma  spiked  with  RDX  at  the  5  ppb  level  was  extracted 
with  16  ml  of  methylene  chloride  and  pentane  (1:1),  filtered  and 
concentrated  to  0.2  ml,  and  analyzed  by  injecting  25  pi  into  the  HPLC-  TEj(®. 
The  minimal  detectable  amount  of  RDX  was  estimated  to  be  about  100  pg/ml  of 
plasma. 

C.  Gas  chromatography /mass  spectrometry  (GC/MS) 

Several  groups  used  GC/MS  with  negative-ion  chemical  ionization 
(NICI)  with  single-ion  monitoring  for  the  determination  of  NG  and  its 
metabolites  in  plasma.  Ottoila  et  al.  [29]  used  BIN  as  internal  standard. 
Extraction  from  plasma  was  done  with  pentane.  The  GC  column  was  a  25  m 
x0.3  mm  I.D.  fused  silica  capillary  column  with  a  0.5p  thick  SE-30  liquid 
film.  Helium  flow  rate  was  2  ml/min.  After  a  splitless  injection  of 
0.5  pi  of  plasma  extract  at  40'C,  the  column  temperature  was  raised  to 
150*C.  GC/MS  interface  and  ion  source  temperatures  were  150°  and  130*C 
respectively.  Methane  was  used  as  Cl  reagent  gas.  The  ion  monitored  was 
/MOj)"  at  m/z  62.  The  lowest  detection  limit  was  50  pg/ml  and  the 
linearity  obtained  was  in  the  range  of  50-1600  pg/ml. 

D.  Liquid  chromatoqraphy/mass  spectrometry  (LC/MS) 

LC/MS  was  used  for  the  detection  and  identification  of  TNT  and 
its  metabolites  in  urine  and  blood  (30-34).  For  example,  the  toluene 
extracts  from  a  series  of  urine  samples  taken  from  TNT  munition  workers 
were  analyzed  by  micro-LC/HS  [33 J.  The  system  consisted  of  a  micro-HPLC 
system  interfaced  to  a  magnetic  sector  mass  spectrometer  by  a  direct  liquid 


2-7 


introduction  LC/MS  interface.  The  column  used  was  a  reversed-phase  RP-8 
(C-8)  microbore  column,  10  cm><2.1  mm  I.D.  Mobile  phases  were 
acetonitrile-water  (37:63)  and  methanol-acetonitrile-water  (20:18:62)  at  a 
flow  rate  of  120  |il/min.  In  this  system  the  whole  HPLC  effluent  (sample  and 
mobile  phase)  was  introduced  into  the  ion  source  of  the  mass  spectrometer. 
Chemical  ionization  (Cl)  was  the  mode  of  ionization,  the  mobile  phase 
serving  as  Cl  reagent.  A  UV  detector  with  a  microbore  cell,  operating  at 
214  nm,  was  on  line  between  the  HPLC  and  the  mass  spectrometer.  Two 
separate  isocratic  separations  were  used,  one  to  separate 
2-amino-4,6-dinitrotoluene  (2-A),  4- amino-2, 6-dinitrotoluene  (4-A)  and  TNT 
(Figure  2),  and  the  second  to  separate  2,4-diamino-6-nitrotoluene  (2,4-DA) 
and  2,6-diamino-4-nitrotoluene  (2,6-DA)  (Figure  3).  The  LC/MS  mass 
spectrum  of  the  separated  4-A  fraction  is  shown  in  Figure  4. 

4.  ANALYSIS  OF  EXPLOSIVES  IN  WATER  AND  SOIL 

A.  Analysis  of  explosives  and  their  degradation  products  in  water 

Contaminated  groundwater  by  filtered  wastes  derived  from  TNT  at 
an  ammunition  depot  was  analyzed  by  GC  with  a  Ni-63  electron  capture 
detector  [5].  Groundwater  samples  were  extracted  with  benzene  and 
chromatographed  isothermally  at  180*C  on  a  6  ft  *  1/4  inch  glass  column 
packed  with  3%  0V-101  or  Gas  Chrom  Q.  Ar-CH^  (95:5)  was  used  as  carrier 
gas  at  a  flow  rate  of  60  ml/min.  Compounds  identified  included  TNT, 
2,4-DNT,  2-A  and  4-A. 

Jenkins  et  al.  [35]  diluted  aqueous  samples  of  munitions 
wastewater  with  methanol-acetonitrile  (76:24),  filtered  them  through  a  0.4p 
polycarbonate  membrane  and  analyzed  them  by  HPLC,  using  a  Supelco  LC-8 
25  cm  *4.6  mm  I.D.  column.  The  mobile  phase  was 

methanol-acetonitrile-water  (38:12:50)  at  a  flow  rate  of  1.5  ml/min.  A  UV 
detector  was  used  at  254  nm.  Detection  limit  for  RDX  in  water  was 
estimated  to  be  22  pg/1. 

Heller  et  al.  (36)  developed  a  rapid  on-site  device  for  the 
detection  of  TNT  in  effluent  water  from  ammunition  plants.  The  indicator 
tube  consisted  of  a  basic  oxide  section  to  convert  the  TNT  to  its 
Meisenheimer  an’ons,  followed  by  an  alkyl  quaternary  ammonium  chloride  ion 
exchange  resin  which  collected  the  colored  anions.  The  length  of  the 
resultant  ■stain  wss  proportional  to  the  concentration  of  TNT  in  the 
wastewater,  Lowe:  detection  limit  of  TNT  in  water  was  0.1  ppm. 


B. 


Bongiovanni  et  al.  [37]  developed  a  method  for  the  preparation 
and  analysis  of  explosive-contaminated  soils  for  trace  amounts  of  2,4-DNT, 
2,6-DNT,  TNT,  RDX,  HMX  and  tetryl.  Extraction  of  tetryl,  for  example,  was 
done  with  acetonitrile.  In  order  to  enhance  the  extraction  and  obtain 
uniformity  of  samples,  soils  were  stabilized  at  20-30%  moisture  and  samples 
were  homogenized.  Analysis  was  performed  by  HPLC  with  UV  detection  at  254 

n 

nm.  The  column  was  a  reversed-phase  C-18  Radial-Pak  cartridge  column. 

The  mobile  phase  was  methanol-water  (40:60)  at  a  flow  rate  of  2  ml/min. 

The  detection  limit  was  4.59  ppm. 

Another  method,  developed  by  Jenkins  and  Walsh  [38],  was  used  to 
determine  the  concentrations  of  RDX,  HMX,  TNT,  2,4-DNT  and  tetryl  in  soil. 
The  method  involved  the  extraction  of  a  2-g  sample  with  50  ml  of 
acetonitrile  using  an  ultrasonic  bath  procedure.  A  10  ml  portion  of  the 
extract  was  diluted  with  an  equal  amount  of  water  and  analyzed  by 
reversed-phase  HPLC  with  a  UV  detector  at  254  nm  and  using  25  cm  *  4.6  mm 
I.D.  LC-18  and  LC-CN  columns.  The  mobile  phase  was  water-methanol  (50:50) 
at  a  flow  rate  of  1.5  ml/min.  The  detection  limit  for  tetryl  was  5.5  pg/g. 

5.  CONCLUSIONS 

As  some  explosives  are  highly  toxic  compounds,  munition  workers 
and  other  personnel  in  c  .itinuous  contact  with  explosives  should  take 
appropriate  precaution  to  minimize  that  contact.  The  modes  of  absorption 
of  most  explosives  are  by  inhalation,  ingestion  and  skin  absorption. 
Therefore  adequate  ventilation  should  be  installed  in  such  environments  and 
protective  hygiene  measures  should  be  enforced.  Periodical  analysis  of 
urine  and  blood  of  munition  workers  should  be  carried  out  in  order  to 
detect  traces  of  explosives  and  their  metabolites  before  an  irreversible 
damage  has  occurred. 

In  the  environmental  field  it  is  necessary  to  perform  analyses  of 
groundwater  and  soil  to  detect  explosives  and  their  degradation  products. 
Such  analyses  may  reveal  the  contamination  state  of  areas  suspected  to  be 
contaminated  by  improper  disposal  of  obsolete  explosives  or  by  waste  waters 
from  ammunition  plants. 
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Tim#  (Minutes)  Tim* 


Fiji.  t.  Chromatogram*  ofurine  containing  5.0  mg/I  RDX  (peak  1 ) ,  20  mg/I  phenobarbitol  (peak  2) 
and  the  internal  standard,  PNA  (peak  3).  (A)  Urine  containing  no  RDX;  (B)  urine  containing 
RDX.  (c.P„  Turley  and  M.A.  Brewster,  J.  Chromatogr.  421,  430  (1987). 


COLUMN!  RP-8  MiCROCOLUMN  21mm  I  D  MO  cm 
MOBILE  PHASE  ACETONITRILE -WATER  (37.63) 
FLOW  RATE'  120/it/m.n 
UV  WAVELENGTH  !2l4nm 


Figure  2 .  HPLC-UV  chroma tog ram 
of  a  urine  sample 
(J.  Yinon  and  D.-G.  Hwang,  Biom. 
Chromatogr.  JL,  123,  1986). 
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COUUMN:  RP-8  MICROCOLUMN  2.1mm  I.D.«IOcm 
MOBILE  PHASE:  METHANOL- ACETONITRILE- WATER  (20:18162) 
FLOW  RATE:  1 20^1.! /min 
UV  WAVELENGTH;  214 nm 
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Figure  3.  HPLC-OV  chromatogram  of  urine  sample  showing  the 
separation  of  2,4-DA  and  2,6-DA. 


m/z 

Figure  4.  LC/'MS  mass  spectrum  of  separated  4-A  fraction  from 
a  urine  sampl.?. 
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Abstract 


Smokeless:  powders  are  commonly  recovered  in  post-blast 
debris  from  bombing  scenes,  or  intact  followmr  seizures  related 
to  bomb  incident  investigations.  Maximizing  the  mount  of 
information  obtained  during  the  forensic  exam.  -(on  of  such 
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evidence  is  facilitated  by  comparison  of  the  recovered  particles 
of  smokeless  powder  to  a  collection  of  known  powder.  This 
manuscript  describes  improvements  in  a  systematic  approach  for 
the  identification  of  canister  smokeless  powders  developed  at  the 
Bureau  of  Alcohol,  Tobacco  and  Firearms  National  Laboratory 
Center.  The  powders  are  readily  available  over  the  counter  for 
ammunition  reloading.  The  approach  relies  on  simple 
stereo-microscopic  examination  of  the  evidence  for  determination 
of  class  {and,  for  many  powders,  individual)  characteristics  of 
the  recovered  powder,  with  subsequent  instrumental  and 
chromatographic  tests  used  to  further  pare  the  list  of  possible 
sources,  when  needed.  The  basis  for  individualization  is 
correlation  of  physical  and  chemical  aspects  of  the  unknown  with 
those  of  a  reference  powder  in  the  ATF's  library  of  commercially 
available  powders.  As  little  material  as  a  single  particle  of 
the  questioned  powder  can  be  used  to  identify  the  powder.  The 
library  database  search,  previously  validated  in  single-blind 
studies,  has  been  simplified  by  improved  computer  search 
techniques.  The  discriminating  power  for  flattened  ball  powders 
has  been  increased  by  the  addition  of  ion  chromatography  and  gas 
chromatography  to  the  systematic  scheme.  Finally,  the  method  has 
been  used  to  advantage  in  a  number  of  actual  cases,  and  should 
find  general  applicability  in  any  laboratory  in  which  smokeless 
powders  are  examined  during  the  performance  of  casework. 
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Introduction 


Significant  progress  has  been  made  with  respect  to  the 
systematic  identification  of  high  explosives,  even  in  challenging 
crime  scenes  and  on  a  multitude  of  post-blast  media  [1-5]. 
However,  the  bulk  of  the  cases  investigated  in  the  United  States 
by  the  Bureau  of  Alcohol,  Tobacco  and  Firearms  involve  the  use  of 
devices  containing  either  improvised  explosives  .'such  as 
sugar-chlorate  mixtures)  or  commercially  available  low  explosives 
(black  powder,  flash  powder,  and  smokeless  powders).. 

This  reality  has  been  the  motivation  for  a  number  of  studies 
that  we  have  performed  to  try  to  improve  the  analytical  power  of 
conventional  methods  for  the  identification  of  low  explosives 
[6-9],,  However,  we  have  been  continually  frustrated  by  the 
problems  associated  with  the  examination  of  smokeless  powders, 
and  the  lack  of  sufficient  literature  methods  to  routinely 
identify  the  manufacturer  of  an  unknown  powder  discovered  during 
examination  of  evidence.  For  this  reason,  a  research  project  was 
initiated  to  concretely  define  and  develop  a  rapid,  workable 
approach  for  systematically  identifying  smokeless  powders. 

The  results  of  this  project  were  first  reported  at  the 
American  Academy  of  Forensic  Sciences  Annual  Meeting  in  1988 
[10],  and  the  initial  manuscripts  for  this  work  are  being 
prepared  for  publication  [11,  12].  The  present  manuscript  is 
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designed  to  update  the  original  report  procedures,  to  describe 
work  with  ion  chromatography  that  has  enhanced  differentiation  of 
some  ball  and  flattened  ball  powders,  and  to  document  changes 
made  in  the  way  he  computer  search  is  performed.  A  brief 
discussion  of  the  original  research  will  be  offered,  to  provide 
the  reader  with  a  background  for  understanding  these  advances. 

Review  of  the  literature  led  us  to  the  belief  that  most  of 
the  analyses  previously  proposed  as  forensic  methods  of  choice 
would  not  allow  for  inexpensive,  rapid  and  routine 
individualization  of  smokeless  powders.  And,  it  was  our  opinion 
that  the  failure  of  most  of  these  previous  methods  was  due  to  a 
lack  of  regard  for  the  fundamentals  of  smokeless  powder  design, 
composition  and  manufacturing.  However,  a  glimmer  of  the 
possibilities  uncovered  in  our  studies  was  found  in  the  work  of 
Zack  and  House  in  1978  (13). 

Table  1  lists  typical  primary  formulations  for  single-, 
double-  and  triple-based  smokeless  powders.  The  differentiation 
of  these  three  classes  is  usually  based  on  the  presence  of 
nitrocellulose  (NC)  (single  base),  nitroglycerin  (NG)  and  NC 
(double  base),  or  nitroguaniaine  (NGu),  NG  and  NC  (triple  base). 
Plasticizers  assist  in  the  formation  of  a  dough-like  mass  from 
the  base  components  during  manufacturing,  stabilizers  prolong  the 
shelf-life  of  powders  by  acting  as  scavengers  of  nitrous  acid 
formed  by  thermal  decomposition  of  nitro-compounds  during 
storage,  while  most  modifiers  retard  burning  rates  and  reduce 
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muzzle  flash  during  firing.  Deterrents,  plasticizers,  ignition 
aids,  flash  suppressants  and  graphite  are  coated  onto  the  grains 
in  rotating  drums  during  the  manufacturing  process.  The 
resulting  chemical  composition  within  a  group  of  morphologically 
comparable  powders  may  often  be  similar. 


TYPI CAL  SMOKELESS  POWDER  FORMULATIONS 


SINGLE  BASE 

NC-base  component 

EC-deterrent  plasticizer 

DEP-deterrent  plasticizer 

DPA-stabilizer 

DNT-burn  modifier 

Pot.  Sulfate-burn  modifier 


DOUBLE  BASE 

NC-base  component 
NG-base  component 
EC-deterrent  plasticizer 
DBP-deterrent  plasticizer 
2-NDPA- stabilizer 
DNT-burn  modifier 
Pot.  Sulfate-flash  suppressant 
Pot.;  Nitrate-ignition  aid 


TRIPLE  BASE 

NC-base  component 
NG-base  component 
NGu-base  component 
EC-deterrent  plasticizer 
DBP-deterrent  plasticizer 
2-NDPA- stabilizer 

Table  1 -Typical  formulations  for  single-base,  double-base  and 
triple-base  smokeless  powders. 


For  our  purposes,  it  is  important  to  consider  that  the 
burning  characteristics  of  commercially  available  canaster 
powders  are  affected  by  both  their  chemical  composition  and 
morphology..  The  early  studies  of  nitrocellulose  by  Vieille  (14), 
and  subsequent  experiments  by  Belayev  and  Zeldovich  [14],  defined 
and  described  the  burning  process  of  nitrocellulose  as  occurring 
in  a  series  of  steps,  in  parallel  layers  of  the  grain.  The 
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chemical  composition  is  only  one  factor  influencing  the 
performance  characteristics  of  the  powder.  The  nature 
(progressive,  neutral  or  degressive)  and  the  duration  (controlled 
by  the  smallest  physical  aspect  of  the  powder  grain  because  of 
the  laminar  burning  process)  of  the  burning  is  of  critical 
importance  to  the  manufacturer,  and  is  predominantly  controlled 
by  the  morphology  of  the  powder. 

The  way  that  the  manufacturer  decides  to  fashion  the 
morphology  of  a  particular  powder  is  influenced  by  his 
manufacturing  capabilities,  available  materials,  cost  factors, 
and  bias  with  respect  to  what  may  only  be  characterized  as  the 
aesthetics  of  the  finished  product.  In  most  cases,  a 
manufacturer  will  start  with  a  given  gene  il  manufacturing 
process,  for  example;  Olin  makes  ball-gram  powders,  while 
Hercules  uses  extruded  processing.  They  then  alter  physical 
dimensions  and  chemical  composition  until  the  full  range  of 
products  demanded  by  reloaders  and  ammunition  manufacturers  has 
been  covered.  In  and  of  itself,  this  fact  allows  for  some  simple 
categorization  of  powders  from  their  gross  morphology. 

Figures  1  and  2  illustrate  the  gross  morphological  classes 
into  which  we  have  divided  smokeless  powders.  These  classes 
include  lamel,  disc,  perforated  disc,  tube,  rod,  ball,  flattened 
ball,  agglomerated  ball,  irregular  flake,  and  clump.  Of  these, 
only  ball,  flattened  ball  and  agglomerated  ball  powders  are 
manufactured  using  the  ball -grain  process;  the  others  are 


Thickness  -c 


Diameter 


3-8 


Diameter 


Diameter 


Thickness 


Ball 


Flattened  Ball 


Agglomerated  Clump 

Ball 


FIGURE  2 
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produced  by  extrusion  or  rolling,  followed  by  cutting  and 
sizing.  Morphological  aspects  found  to  provide  high  potential 
for  discrimination  are  also  shown  in  Figures  1  and  2.  In 
addition.  Table  2  lists  the  morphologies,  manufacturers  and 
distributors  for  smokeless  powders  currently  available  in  the 
United  States. 


Canister  Powders  Available  in  the  United  States.  1989 


Manufacturer 

Marketed  Bv 

Olin  (USA) 

Flattened  Ball 
Ball 

Winchester  Western 
Hodgdon  Powder  Co. 

(primarily  surplus) 
Accurate  Arms  (surplus) 

Expro  (Canada) 
(formerly  DuPont) 

Tube 

Disc 

IMR  Powder  Co. 

(formerly  DuPont) 
Hodgdon  Powder  Co. 
(surplus) 

ICI  Nobel 
(Scotland) 

Tube 

Lamel 

Disc 

Hodgdon  Powder  Co. 

Smith  &  Wesson/Aican 
Scot  Powder  Co., 

Hercules  (USA) 

Disc 

Tube 

Hercules 

IMI  (Israel) 

Flattened  Ball 

Accurate  Arms 

Nobel 

Tube 

Hercules 

Table  2-Manufacturers.  Morphologies  and  Distributors  of 
Smokeless  Powders  in  the  United  States 


One  of  the  most  important  experimental  findings  in  our 
initial  work  was  that  propellent  manufacturers  maintain  very 
tight  control  of  the  physical  aspects  of  a  given  brand  of  powder, 
with  automation  and  quality  control  insuring  low  lot-to-l'-'t 
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variability  in  dimensions,  chemical  content  and  ballistic 
properties.  Therefore,  we  were  able  to  generate  a  database  whose 
intra-brand  morphological  variabilities  are  significantly  smaller 
than  inter-brand  variabilities.  All  database  values  use  an 
identifying  range  of  the  mean  measurement  plus  or  minus  two 
standard  deviations  (SD).  This  was  generated  from  the 
measurement  of  dimensions  for  50  particles,  chosen  at  random  from 
agitated  canisters  of  the  powder  under  examination.  For  all  of 
the  powders  in  our  library,  the  measurement  of  appropriate 
physical  aspects,  determination  of  single-  or  double-base 
category  of  the  powder  (using  TLC),  and  computerized  searching  of 
the  database,  quickly  eliminate  all  but  a  few  possible  sources 
for  a  powder  of  unknown  identity  and  source.  In  addition,  many 
searches  will  bring  up  only  a  single  possible  source  for  an 
unknown  recovered  particle. 

The  one  "problem  class"  of  powders  in  the  initial  studies 
were  the  ball  and  flattened  ball  powders.  Physical  properties 
such  as  the  inside  and  outside  color  of  the  powder  and  texture 
(the  hardness  or  softness  of  the  grain)  allowed  for  further 
discrimination,  but  the  analyst  error  rate  involved  with  using 
such  properties  led  to  difficulties  when  the  search  was  subjected 
to  single-blind  testing.  Some  initial  studies  using  SEM-EDAX  had 
indicated  that  there  were  differences  in  the  inorganic  content  of 
many  of  the  ball  and  flattened  ball  powders.  For  this  reason, 
ion  chromatography  (IC)  has  been  evaluated  as  another  secondary 
segregating  method.  In  addition,  continued  communication  with 
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the  manufacturers  of  ball-qrain  powders  led  to  the  re-evaluation 
of  flattened  ball  particle  diameter  as  a  discriminating  aspect. 
Finally,  gas  chromatographic  determination  of  stabilizers  and 
plasticizers  was  added  to  the  resting  methodology  for  some  groups 
of  similar  powders.  These  modifications  of  the  systematic 
analysis  scheme  are  described  in  this  report. 


Experimental 


Materials 


All  measurements  of  microscopic  aspects  were  made  using  a 
Bausch  &  Lomb  stereo-microscope  (for  smaller  aspects),  with  an 
eyepiece  calibrated  to  2 . 5-um  (at  70x) ,  or  an  EPOi  comparator 
(for  larger  measurements),  calibrated  to  10-um.  Thin  layer 
chromatography  for  nitroglycerin  was  performed  using  pre- scored, 
5-  x  25cm  silica  gel  GHL  plates  (Analtech  -  Newark,  DE) ,  and  a 
benzene : hexane  (1:1)  solvent  system.  Ion  Chromatography  (IC)  was 
performed  using  a  DIONEX  Model  16,  with  eluents  of  O.OQ5N  HC1  for 
cations  and  Q.004M  sodium  bicarbonate/O . 0024M  sodium  carbonate 
for  anions  with  suppressed  conductivity  detection.  GC-FID  for 
plasticizers  and  stabilizers  was  performed  on  a  Perkin-Elmer 
Sigma  3B,  with  a  0.25-mm  x  15-m  DB-1  (.echy  . ilicone)  capillary 
column  (l.Oum  bonded  phase  thickness).  *  / er„,ge  linear  gas  flow 
rate  was  73.5  cm/second  of  hoiium.  The  split  latio  was  20  to  1. 
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Analysis  conditions  were:  initial  temperature  190  degrees  C, 
ramp  10  degrees/minute  to  a  final  temperature  of  230  degrees  C 
with  a  10  minute  final  hold. 


Procedures 


Microscopic  measurements  of  recovered  or  questioned  particle 
aspects  are  performed  by  mounting  the  sample  on  common  adhesive 
tape,  using  fine  forceps  for  manipulation.  The  gross  morphology 
of  the  unknown  is  determined  first,  and  then  the  appropriate 
aspects  for  individualizing  powders  in  that  gross  morphological 
class  are  measured  (see  Figures  1  and  2).  Whenever  possible,  up 
to  10  recovered  particles  exhibiting  identical  gross  morphology 
should  be  included  m  the  examination  of  individualizing  aspects, 
and  the  mean  should  be  used  in  the  database  search.-  The  database 
search  statements  required  in  our  first  report  fl2)  have  now  been 
replaced  by  an  R:Base  ("prompt  by  example”)  search  module,  which 
is  described  below.  Any  additional  discriminating  factors 
required  to  more  conclusively  identify  the  unknown  (e.g. 
identifying  colored  particles,  single/double  base)  are  evaluated 
either  before  the  search  begins,  or  after  the  list  of  possible 
sources  has  been  pared  to  a  few  choices.  The  latter  approach  is 
often  used  when  a  search  based  on  simple  microscopic  measurements 
reveals  that  there  are  differences  in  additional  discriminators 
that  could  be  used  to  advantage. 


When  further  characterization  of  the  chemical  components  are 


required,  1  to  3  particles  of  recovered  powder  are  dissolved  in 
acetone  or  dichloromethane  (DCH) ,  TLC  is  used  to  determine 
whether  the  powder  extract  contains  nitroglycerine,  which  is 
characteristic  of  double-base  smokeless  powders.  IC  analyses  are 
performed  on  lmL  aqueous  extracts  of  1  to  3  particles.  Sodium, 
potassium,  sulfate  and  nitrate  may  be  used  to  characterize  the 
presence  or  absence  of  a  drying  agent  (sodium  sulfate),  ignition 
aid  (potassium  nitrate),  or  flash  suppressant  coating  (potassium 
sulfate).  Six  to  ten  particles  are  extracted  with  5  mL  of  DCM. 
Three  to  five  uL  injections  are  made  on  the  GC-FID  for 
characterization  of  ethyl  centralite  (EC)  and  dibutylphthalate 
(DBP)  in  flattened  ball  powders.-  HPLC  is  no  longer  used  for  the 
characterization  of  plasticizers  and  stabilizers. 


RESULTS  AND  DISCUSSION 


The  addition  of  IC  and  GC  to  the  systematic  method  has 
improved  our  ability  to  routinely  differentiate  between  powders 
in  the  ball  and  flattened  ball  group  (e.g.  those  manufactured  by 
Olin  and  Israeli  Military  Industries  (IMI)).  The  systematic 
method  has  continually  demonstrated  strong  discriminating  ability 
for  the  remaining  powder  morphologies.  In  these  cases, 
measurements  of  the  appropriate  aspects,  and  database  searching, 


quickly  lead  to  a  few  or  even  a  single  potential  source  for  the 
unknown.  Table  3  lists  the  measurements  taken  for  each  type  of 
powder . 


Lamel 

•Width 

•Thickness 

+Width  Range  Hi/Lo 

♦Thickness  Range  Hi/Lo 


Perforated  Disc 
•Diameter 
•Thickness 
•Idents 
•Base 
•Web 

♦Diameter  Range  Hi/Lo 
♦Thickness  Range  Hi/Lo 
♦Web  Range  Hi/Lo 

Red 

•Diameter 

•Base 

“Length 

♦Diameter  Range  Hi/Lo 
♦Length  Range  Hi/Lo 

Flattened  Ball 
•Diameter 
•Thickness 
•Idents 
•Base 

♦Diameter  Range  Hi/lo 
♦  Thickness  Range  Hi /ho 
♦Ball  Diameter  Hi/Lo 


Disk 

•Diameter 

•Thickness 

•Idents 

•Base 

-■Diameter  Range  Hi/Lo 
♦Thickness  Range  Hi/Lo 

Tube 

•Diameter 

•Base 

•Web 

•Length 

♦Diameter  Range  Hi/Lo 
♦Web  Range  Hi/Lo 
♦Length  Range  Hi/Lo 


Ball 

•Diameter 

•Base 

♦Bail  Diameter  Hi/Lo 


Agglomerated  Ball 

•Diameter  (agglomerate) 

•Ball  Diameter 

•Thickness 

•Idents 

•Base 

♦Diameter  Range  Hi/Lo 
♦Thickness  Range  Hi/Lo 
♦Ball  Diameter  Hi/Lo 


•^examiner  measured  value  Base=single  or  double 

♦^computer  calculated  value  from  SD  Idents=colored  markers 
Note:  one  "clump"  powder  is  available  from  Dupont;  two 

"irregular  flake"  powders  are  available  from  Hodgdon 


Table  3-Measurement  Taken  and  derived  for  smoksiess  powder  types 
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Flattened  ball  and  ball  powders  continue  to  be  the  most 
difficult  morphological  class  to  differentiate.  The  thickness  of 
flattened  ball  powder  is  determined  by  the  gap  set  between  two 
heavy  rollers,  through  which  sieved  spherical  powders  fall  during 
one  of  the  final  steps  of  the  manufacturing  process.  It  was  our 
initial  impression  that  thickness  was  the  only  useful  dimensional 
aspect  of  measurement  for  differentiating  these  powders. 

However,  continued  examination  of  morphologically  similar 
flattened  ball  powders,  and  continued  communication  with 
representatives  at  Olin  and  Accurate  Arms,  led  to  a  re-evaluation 
of  the  measurement  of  f lattened-ball  diameter  for  added 
discrimination.  Diameter  is  defined  as  shown  in  Figure  1. 

Before  the  particle  diameter  measurement  step  is  performed, 
an  important  particle  selection  step  must  occur.  In  this  step, 
the  only  particles  chosen  for  diameter  measurement  are  those  that 
were  formed  from  a  single  particle  of  spherical  powder  entering 
the  rollers.  Any  flattened  ball  particle  that  was  formed  by  the 
agglomeration,  or  overlapping,  of  two  or  more  spherical  particles 
in  the  rolling  process  is  not  included  in  the  measurement  of  this 
aspect.  Typically,  three  or  more  particles  of  uniform  diameter 
(each  produced  by  the  rolling  of  a  single  spherical  powder  grain) 
are  measured,  and  the  mean  diameter  is  used  in  the  database 


search. 
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On  its  face,  it  would  appear  that  f lattened-ball  diameter 
would  not  be  a  useful  criterion  for  characterizing  an  unknown 
particle.  Because  the  thickness  is  typically  the  smallest 
physical  dimension  of  flattened  ball  powders,  and  since  the 
duration  of  burning  of  a  grain  of  powder  is  predominantly 
affected  by  the  smallest  aspect,  it  would  seem  that  the  diameter 
of  the  flattened  ball  would  be  relatively  unimportant  to  the 
ballistic  properties  of  the  product.;  However,  the  tolerance  on 
the  sieving  of  the  ball  powder  grains  preceding  the  rolling  stage 
for  these  powders  is  very  tightly  controlled.  As  a  result  the 
spherical  particles  presented  to  the  rollers  for  flattening  have 
a  narrow  diameter  range.  In  addition,  the  viscosity,  porosity, 
plasticizer  penetration  depth,  and  formulation  composition  are 
tightly  controlled.  The  result  is  that  particles  having 
nominally  identical  spherical  dimensions,  and  rolled  using 
identical  roller  gaps  and  pressures,  will  tend  to  give  uniform 
particle  thicknesses  and  diameters.  Therefore,  flattened  ball 
diameters  can  improve  differentiation  of  unknown  particles  having 
very  similar  particle  thickness  ranges. 

By  including  the  routine  measurements  of  flattened  ball 
diameter,  the  original  flattened  ball  groups  have  been  pared  to  a 
smaller  number  of  groups,  ceveral  of  which  contain  fewer  members 
(see  Table  4).-  Fcr  example,  Hodgdon  H414  and  Winchester  Western 
780  have  similar  thickness,  but  have  significantly  different 


diameters . 
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SMOKELESS  POWDER  DATABASE— 

Search  Results  for: 

PRINT  SMOKEOUT  SORTED  BY  NAME  WHERE  MORPH 1  EQ  -Flattened  Ball"  AND 
THBNGHI  GE  ".40"  AND  THRNGLO  LE  ".40" 


Page  1 


Name 

Current ! Base 

■Measurement 
Mean  SD 

Morphologies 

Identifiers  Type 

Low 

High 

AccArms  AA-2460 

Yes  !  D 

! Thickness: 

0.35 

0. 

03 

0.29 

0.41 

flattened  ball 

!  Diameter: 

0.63 

0. 

05 

0.53 

0.73 

Ball 

None 

!  Web: 

i  Length : 

,  . 

!  Width: 

Comments\\\ 

IBall  Diam: 

.  .  . 

,  . 

. 

9.35 

6.9 

Group  2  Flattened/Ball:  see 

Group  sheet  for 

further 

analyses . 

Hodgdon  H414 

Yes  1  D 

! Thickness: 

0.42 

0. 

03 

0.36 

0.48 

flattened  ball 

!  Diameter: 

0.63 

0. 

08 

0.47 

0.79 

None 

i  Web: 

,  ,  , 

•  •' 

•  •  • 

!  Length : 

•  >  « 

,  , 

, 

,  ,  , 

•  •  •, 

Width: 

•  «  V 

,  ,  , 

Comnents\\\ 

IBall  Diam: 

,  , 

6.59 

0.99 

Group  3  Flattened/Ball:  see 

Group  sheet  for 

further 

analyses . 

Hodgdon  H450 

Yes  1  D 

i Thickness: 

0.46 

0. 

05 

0.36 

0.56 

flattened  ball 

!  Diameter : 

0.79 

0. 

05 

0.69 

0.89 

None 

I  Web: 

*  -  • 

.  .  . 

!  Length : 

.  •  * 

.  .  • 

1  Width: 

, 

.  .  . 

Comments\\\ 

IBall  Diam: 

0.54 

1,11 

Group  3  Flattened/Ball:  see 

Group  sheet  for 

further 

analyueB . 

WinchWest  7S0 

No  !  D 

1  Thickness : 

0.39 

0 

03 

0.33 

0.45 

flattened  ball 

1  Diameter: 

0.95 

0 

09 

0.77 

1.13 

Ball 

None 

I  Web: 

1  Length : 

•  •  .• 

. 

,  »  . 

.  .  . 

1  Width: 

Con*>ents\\\ 

IBall  Diam: 

.  .  . 

0.45 

1.23 

Group  3  Flattened/Ball:  see 

Group  sheet  for 

further 

analyses . 

WinchWest  735 

Yes  !  D 

■  Thickness: 

0.42 

n. 

02 

0.38 

0.46 

flattened  ball 

I  Diameter: 

0.94 

0. 

07 

0.8 

1.08 

Ball 

None 

Web: 

■  •  • 

*,  •  ■ 

I  Leng  r-h : 

1  Width: 

,  .  , 

Comments  W\ 

IBall  Diam: 

*  .  . 

0.53 

1.32 

Black  matte 

outor  finish.  Group  3  Flattened/Ball; 

see  Group  sheet 

for  further 

analyses . 

TABLE  4A 
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SMOKELESS  POWDER  DATABASE— 

Search  Results  for: 

PRINT  SMOKEOUT  SORTED  BY  NAME  WHERE  MORPH1  E«  "Flattened  Ball"  AND 
THRNGHI  GE  ".40"  AND  THRNGLO  LE  ".40"  AND  DIRNGHI  GE  ".65"  AND  DIRNGLO 
LE  ".65" 


Page  1 


Name 

Current  1  Base 

„ 

rement 

SD 

Morphologies 

Identifiers 

Type 

I16ASU 

Mean 

Lou 

High 

AccArms  AA-2460 

Yes  1,  D 

Thickness : 

0  35 

0. 

03 

0.29 

0.41 

flattened  ball 

Diameter: 

0.63 

0. 

05 

0.53 

0.73 

Ball 

None 

Web:- 

Length :' 

.  , 

Width: 

CommentsWA 

Ball  DJam: 

•  V*'  • 

0.35 

0.9 

Group  2  Flattened/Ball;  see 

Group  sheet  for 

further 

analyses . 

Hodgdon  H414 

Yes  !  D 

Thickness: 

0.42 

0. 

03 

0.36 

0.48 

flattened  ball 

Diameter: 

0.63 

0. 

08 

0.47 

0.79 

None 

Web: 

>  •  • 

,  ,  , 

Length : 

.... 

k  . 

•  •  . 

Width: 

.  , 

•  • 

Commenta\\\ 

Ball  Diam: 

.  , 

0.59 

0.99 

Group  3  Flattened/Ball:  see 

Group  sheet  for 

further 

analyses . 

TABLE  4B 
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The  use  of  IC  for  discrimination  of  ball  and  flattened  ball 
powders  that  exhibit  similar  morphological  aspects  has  met  with 
some  success.  The  basis  for  the  differences  in  measured  levels 
of  sulfate,  nitrate,  sodium  and  potassium  ions  in  these  powders 
j $  due  co  the  use  of  sodium  and  potassium  salts  of  these 
oxidizer3  as  drying  aids  and  flash  suppression  coatings.  Most 
flattened  baJ 1  products  contain  residual  traces  of  sulfate,  left 
over  * ;om  the  use  of  sodium  Bulfate  in  a  dehydration  step  during 
the  early  stages  of  nitrocellulose  processing.  However,  powders 
that  have  been  coated  with  potassium  sulfate  as  a  flash 
suppressant  during  the  final  steps  of  processing  will  have 
significantly  higher  sulfate  levels  than  those  arising  from  the 
residual  source.  Using  five  particles  and  lmL  aqueous  extracts, 
we  have  observed  a  sulfate  level  higher  than  observed  with  sodium 
sulfate  alone.  This  establishes  the  presence  of  potassium 
sulfate  in  the  powder  being  examined.  Table  S  provides  examples 
of  flattened  ball  powders  that  are  in  the  same  morphological 
group,  but  which  can  be  discriminated  using  IC  determination  of 
sulfate. 


POWDER 

AA-9 
AA  No. 
WW  540 
WW  571 


W*weak 
N»medium 
S« strong 


N03 

W 

W 

M 

S 


S04 


M 

M 


K 

M 

M 

M 


Na 

M 

W 

M 

M 


AA=»Accurate  Arms 
WW»Winchester  Western 


Table  5-Exampl«8  of  observed  IC  results  for  ball  and 
flattened  ball  powders 
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The  original  HPLC  method  used  for  the  characterization  of 
plasticizers,  deterrents,  stabilizers  and  their  nitroso-  and 
nitro-derivatives  (formed  by  scavenging  of  nitrous  acid  by  the 
stabilizers  during  propellent  ageing),  did  not  significantly  help 
discriminate  the  powders.  For  this  reason,  a  simple  GC  method 
has  been  incorporated  for  the  determination  of  ethyl  centralite 
(EC)  and  dibutylphthalate  (DBP).  The  predominant  segregating 
power  offered  by  measurement  of  these  two  analytes  is  in  the 
discrimination  of  Winchester-Western  (Olin)  ball  and  flattened 
ball  powders  from  those  manufactured  in  Israel  for  Accurate 
Arms.  Higher  nitroglycerin  concent  smokeless  powders 
manufactured  by  Olin  tend  to  have  less  or  no  DBF.  Any  DBP 
observed  may  be  from  re-working  powders.  Accurate  Arms  powders 
tend  to  have  appreciable  amounts  of  DBP  in  all  the  powders 
examined.  Examples  of  morphologically  similar  powders  that  can 
be  differentiated  using  GC  determination  of  EC  and  DBP  are  listed 
in  Table  6. 


POWDER 

AA-9 
AA  No. 
WW  231 
WW  660 


EC 


DBP 


EC*ethyl  centralite 
DBP»dibutylphthalate 


W»weak 

M=medium 

S»strong 


AA*Accurate  Arms 
WW^Winchester  Western 


Table  6-Examples  of  observed  GC  results  for  ball  and 
flattened  ball  powdere 
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One  of  the  more  frustrating  characteristics  of  the  database 
search,  as  originally  described  [12],  was  a  rather  complicated 
conditional  statement  had  to  be  used  to  manually  search  the 
nested  R:Base  fields.  As  is  typical  with  such  manual  search 
statements,  a  single  transposition  error,  or  lacking  unit  of 
punctuation,  would  lead  to  an  error  message.  Laboratory 
personnel  using  the  system  found  error  messages  and  cryptic 
diagnostic  codes  frustrating. 

With  the  introduction  of  the  "prompt  by  example"  mode  of 
searching  the  R:Base  smokeless  powder  data  Bet,  practical 
operation  is  substantially  simplified.  In  this  search  mode, 
criteria  for  the  conditional  statements  are  loaded  by  the 
operator  into  a  statement  framework  (see  Examples  la  and  lb),  and 
each  is  chosen  by  scrolling  through  a  displayed  menu  of  potential 
criteria.  Following  this  simple  procedure,  the  individual 
criteria  are  loaded  with  prompting.  The  final  product  is  the 
same  conditional  search  statement  previously  used,  but  is  now 
generated  by  concatenation  of  the  individually  selected  search 
criteria.  An  example  of  the  screen  displays,  and  operator 
selections,  involved  with  the  "prompt  by  example"  R:Base  search 
for  determining  the  identity  of  an  unknown  disc  powder  is  shown 
in  Example  2 . 


3-22 


morphology  IBsmok  el  ess  POWDER  DATABASE  SEARCH'l 

S  Agglomerated  Ballj 

S  Ba"  I 

I  Clump  i 

|  Disc  | 

I  Flattened  Ball  | 

|  Irregular  Flake  | 

{  Perforated  Disc  jj 

I  Rod  I 

{  Lamel  « 

j  Tube  1 

I  EVERYTHING  I 

I  QUIT  I 


EXAMPLE  1  A 


SHffliSE ARCH  O  N  3B8  SMOKELESS  POWDER  DATABASE  SEARCH! 


Start  Search 
Diameter 
Thickness 
Base 

Identifiers 


IjllljlJjC^u rreni  Morphology !■■■■■■■■ 
»”» . ^i(sc . 


Redo 


I 

l 


MORPHOLOGY 


Current  Search  Selections 


Diameter  (mm]  1.51 


EXAMPLE  IB 
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SMOKELESS  POWDER  DATABASE  — 


Search  Results  for: 

PRINT  SMOKEOUT  SORTED  BY  NAME  WHERE  MORPH1  EQ  "Disc"  AND  DIRNGHI  GE 
” 1 . 5 1 “  AND  DIRNGLO  LE  "1.51"  AND  THRNGHI  GE  "0.2"  AND  THRNGLO  LE  "0.2" 


Page  1 


Name 

Current ! Base 

Morphologies 

Identifiers 

Type  Mean 

SD 

Lou 

High 

Here  Green  Dot 

Yes  !  D 

Thickness:  0,14 

0.03 

0.08 

0.2 

Disc 

Diameter:  1.59 

0.08 

1.43 

1.75 

Green 

Web:  ... 

Length: 

Width:  .... 

Comments\\\ 

Ball  Diam: 

.  . 

Some  bias-cut 

edges.-  Group 

1 
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Conclusions  and  Future  Directions 

In  this  manuscript,  several  improvements  are  described  which 
make  the  systematic  identification  of  smokeless  powders  easier, 
more  accurate,  and  more  definitive.  Tne  list  of  commercially 
available  smokeless  powders  seems  to  change  almost  annually. 

Older  products  are  phased  out,  newer  products  introduced,  new 
importers  enter  the  American  market  with  new  product  lines,  and 
changes  are  made  in  the  corporate  ownership  of  smokeless  powder 
manufacturers.  Despite  this  flux,  ATF  has  made  a  commitment  to 
continue  our  efforts  with  smokeless  powders,  due  to  the  major 
role  that  these  materials  play  as  explosive  fillers  in  recovered 
and  detonated  improvised  explosive  devices.  Studies  are  planned 
to  establish  the  possibility  of  differentiating  powder  lots 
within  a  brand,  and  to  determine  whether  "single  canister" 
identification  is  possible  from  nitroso-  and  nitro-analogue 
profiles  in  questioned  and  known  powders.  It  is  our  desire  to 
provide  a  clearinghouse  for  information  and  data  useful  for 
performing  smokeless  powder  identification. 

Work  is  continuing  in  IC,  GO,  and  HPLC  to  further 
differentiate  powders  that  remain  in  morphologically  similar 


groups . 
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THE  IDENTIFICATION  OF  MUSK  AMBRETTE 
DURING  A  ROUTINE  TEST  FOR  EXPLOSIVES 

Y.  Bamberger,  S.  Levy,  T.  Tamiri  and  S.  Zitrin 
Division  of  Criminal  Identification,  Israel  Natio>ial  Police, 

Police  Headquarters,  Jerusalem,  Israel 

ABSTRACT 

Light  yellow  crystals  were  found  on  a  man  entering  Israel  from 
Jordan.  In  the  border  station,  the  material  was  tested  with  an  explosives 
testing  kit  (“ETK")  and  the  result  was  positive:  a  violet  color,  similar  to 
that  obtained  with  TOT,  was  formed.  The  material  was  then  sent  for  a 
complete  laboratory  analysis.  This  is  the  normal  procedure  following  a 
positive  result  in  a  field  teat.  The  material  was  analysed  by  TLC,  IR,  GC,T1S 
(ET  and  Cl  modes)  and  NMR.  It  was  subsequently  identified  as  1-tert- 
butyl-2-methoxy-3,5-dinitro-4-methylbenzene.  This  compound,  known  as  "musk 
ambrette",  is  one  of  several  artificial  musks  which  are  ussd  in  perfumes  and 
related  preparations. 

1.  INTRODUCTION 

An  unknown  sample  in  the  form  of  light  yellow  crystals  was  received 
in  the  analytical  laboratory  of  the  Israel  National  Police.  The  material  was 
found  during  a  search  on  a  man  entering  Israel  from  Jordan  through  one  of 
the  bridges  on  the  Jordan  River.  It  was  suspected  by  border  security 
personnel  to  be  an  explosive  after  it  had  reacted  positively  to  the 
Explosive  Testing  Kit  ("ETK").  Tnis  kit  (1)  is  used  in  the  field  to  detect 
traces  of  explosives  on  suspects  and  also  for  preliminary  tests  of  unknown 
materials  in  border  stations.  The  material  reacted  to  the  first  reagent  in 
the  ETR,  giving  a  purple  color  which  was  similar  to  the  color  obtained  with 
TOT. 

This  paper  describes  the  identification  of  this  material  in  our 
laboratory. 
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2.  EXPERIMENTAL 

Thin  layer  chromatography  (TLC)  plates  were  10  x  20  cm  aluminium 
plates  precoated  with  silica  gel  0.2  mm  thick  (SI  F  Riedel  de  Haen).  Hie 
standard  developing  solvent  was  petrol  ether  :  ethyl  acetate  (9:1)  and  the 
developed  plates  were  sprayed  with  3%  KCH  in  ethanol  (2). 

Infrared  (IR)  spectra  were  recorded  on  an  Analect  model  FX6160 
Fourier  transform  IR  spectrophotometer.  A  Wilks  1/2  in.  (12.7  mm)  diameter 
pellet  holder  was  used  to  prepare  the  KEr  pellets. 

Gas  chromatography/taass  spectrometry  (GC/MS)  was  carried  out  on  a 
Finnigan  4500  guadrupole  mass  spectrometer.  The  GC  column  was  a  Jtw  fused 
silica  capillary  column,  15m  x  0.25  mm  (I.D. )  with  0.25  mm  coating  of  DB-5. 
GC  temperatures  were  programmed  from  70*C  to  270*C  at  IS'c/nin.  Ion  source 
temperature  was  14G*C.  Scan  range  was  40-500  in  the  electron  impact  (El) 
mode  and  100-500  in  the  chemical  ionization  (Cl)  mode.  Electron  energy  was 

70eV.  Helium  was  the  GC  carrier  gas  and  methane  was  used  as  Cl  reagent 

gas. 

Nuclear  Magnetic  Resonance  (NMR)  for  protons  was  carried  out  on  a 
BKUKER  WP  200  instrument,  operating  at  200  MHz.  The  solvent  was 
deuteriochioroform. 

3.  RESULTS  AND  DISCUSSION 

TLC  was  performed  on  the  unknown  sample,  using  a  standard  TLC  system 
for  the  analysis  of  explosives  (see  EXPERIMENTAL).  A  spot  at  Rf  «  0.54  was 

observed  under  a  UV  lamp.  It  turned  yellow  after  spraying  with  XOH  solution 

and  heating.  2,4,6  -  TNT  gave  a  purple  color  at  Rf  ■  0.3  under  these 
conditions.  Color  reactions  with  K0H  and  other  bases  could  indicate  the 
presence  of  a  polynit roaromatic  compound.  These  color  reactions  have  been 
attributed  to  the  formation  of  colored  Mesenheimer  complexes  but  other 
explanations  have  also  been  suggested  (3). 
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Hie  IR  spectrum  o£  the  unknown  sample  is  shown  in  Figure  1.  The  two 
characteristic  bands  of  the  aromatic  nitro  group  (4),  S?  s  at  1350  cm*'  and 
\)as  at  1527  an'1,  are  clearly  present.  This  led  us  to  assume  that  the 
sanple  contained  a  nitroaromatic  compound,  This  assumption  was  further 
supported  by  similarities  between  the  IR  spectrum  of  the  unknown  and  that  of 
TNT  (Figure  2). 


FIGURE  1:  Hie  IR  spectrum  of  the  unknown  sample. 
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FIGURE  2:  Hie  IR  spectrum  of  2,  4,  6  -  TNT. 

Next  the  sample  was  analysed  by  GC/MS,  using  both  El  and  Cl  (methane) 
modes.  In  both  modes  a  molecular  weight  of  268  was  indicated.  Being  an  even 
number,  this  molecular  weight  corresponds  to  an  even  number  of  nitrogen 
atoms  in  the  molecule.  The  El  mass  spectrum,  shown  in  Figure  3,  confirmed 
the  presence  of  an  aromatic  ring  (typical  ions  appeared  at  a/z  91,  77  and 
51).  This  supported  the  proposed  nitroaroaatic  structure.  The  base  peak  at 
m/z  253  corresponded  to  the  loss  of  a  methyl  group  from  the  molecular 
ion. 


Finally,  we  recorded  the  proton  NMK  spectrum  of  our  sample.  We 
obtained  an  interesting  spectrum  shown  in  Figure  4,  which  included  only  four 
singlets.  Their  chemical  shifts  were  1.4  ppm,  2.4  ppm,  3.9  ppm  and  8  ppm 
with  integration  ratio  of  9:3:3:1,  respectively.  These  data  could  correspond 
to  the  following  functional  groups:  (CH^^C,  OCH2  ,  CH3  and  H.  As  no 
coupling  was  observed  we  assumed  that  each  group  was  attached  directly  to 
the  aromatic  ring.  The  presence  of  a  t-butyl  group  was  compatible  with  the 
major  process  of  a  loss  of  a  methyl  group  from  the  molecular  ion  in  the  EX 
mass  spectrum. 
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FICSJRE  4:  The  proton  NMR  spectrum  of  the  unknown  sample. 
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Bearing  in  mind  the  molecular  weight  of  268,  the  nitroaromatic 
character,  the  even  nuaber  of  nitrogen  atoms  and  the  four  substituents  we 
proposed  the  structure  shown  in  Figure  5,  in  which  the  positions  of  the 
functional  groups  on  the  arooatic  ring  have  not  been  assigned. 


FIGURE  5:  Possible  substituents  on  the  arcaatic 
ring  of  the  unknown  saaple. 
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Literature  survey  through  the  Chemical  Abstracts  showed  that 
l-t-butyl-2-methoxy-3,5-dinitro-4-oethylbenzene  (Figure  6),  known  as  "musk 
ambrette"  has  been  used  -3  a  "synthetic  musk".  Synthetic  musks  are  used  as 
fragrances  in  soaps,  lotions  and  other  cosmetic  products  (6).  Musk  ambrette 
is  one  of  several  synthetic  musks  having  a  nitroaromatic  structure  (unlike 
muscone,  the  odorous  compound  in  natural  musk,  whose  structure  is 
macrocyclic) .  the  El  mass  spectra  of  synthetic  musks  have  been  reported 
(7,8).  Their  possible  interference  in  tests  for  explosives  as  well  as  some 
analytical  properties  have  also  been  discussed  (9). 


MUSK  AMBRETTE 


FIGURE  6:  Musk  ambrette  (l-t-butyl-2-methoxy- 
3,5-dinitro-4-raethylbenzene) . 
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All  the  spectral  data  of  our  unknown  sample  were  completely  identical 
with  those  reported  for  musk  arabrette. 

4.  CONCLUSIONS 

Nitroaromatic  synthetic  musko  could  interfere  with  some  tests  for 
explosives.  This  is  especially  relevant  when  field  tests  based  on  color 
reactions  are  used  as  a  preliminary  indication  for  the  presence  of 
explosives. 
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ABSTRACT 


Quantification  analysis  by  mass  spectspcctroaetry  seeas 
to  be  a  powerful  technique  for  the  explosives  detection. 
A  series  of  nitrate  ester  explosives  . naaely  pentnerythr itol 
tetranitrate  (PETN)  .  1,2.4-butanetriol  trinitrate  (BTTN) . 
nitroglycerine  (NG)  .  tr iethylene-clycol  dinltrate  (TEGN)  . 
propylene  -  1,2-clycol  dinltrate  (PGDN)  ,  and  1.1,1- 
tr i aent hy 1 o 1 ethane  trinitrate  (TMETN)  were  systeaatical ly 
studied. 

Election  iapact  .  positive  and  neaative  cheaical 
ionization  aethods  were  applied  .  Quantification  of  these 
niltrate  esters  were  carried  out  by  GC/MS  with  the 
selected  ion  aonitorlns  (SIM)  as  well  as  by  GC/MS/HS 
selected  ion  reaction  eon i tor ins  (SRM) .  The  adduct  Ions 
foraed  by  these  different  ionization  aethods  in  MS  and  the 
liaits  of  detection  (LOD)  obtained  with  various  ionization 
sodas  in  GC/MS-SIM  and  GC/MS/MS-5RM  are  discussed. 

1.  INTRODUCTION 

The  identification  and  quantification  of  the  coaponents 
of  explosive  foraulations  are  beneficial  to  both 
aanufacturera  and  forensic  scientists  .  Several  analytical 
aethodolosies  includins  thin-layer  chroaatosraphy  .  css 
chrcaatosraphy.  and  spot  tests  etc.  have  been  developed  for 


5-2 


analyzins  explosives  [1]  .  Hass  spectroaetry  is  considered  to 
be  one  of  the  aost  powerful  tools  available  to  the 
analytical  cheaists  for  the  characterization  of  unknown 
aaterials  .  By  virtual  of  its  hich  sensitivity  and 
specificity.  MS  is  the  aost  suitable  technique  in  the 
identification  of  explosives  .  A  review  of  its  application 
in  the  field  of  explosives  analysis  has  been  reported  (21. 

Trace  analysis  of  explosives  is  of  taportance  in 
forensic  science  .  The  analytical  probleas  encountered  in  this 
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the  detection  of 

nanoiraa 

quantities 

of 

explosives  in 
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extracts 
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froa 
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post -exp 1 os i on 

residues  . 

In  i 

order  to 

find  out 

a 

suitable  trace 

analytical 

aethod 

by  aass 

spectroaetry  . 

various  ionization  aethods  .  includtnc  positive  and 
necative  cheaical  ionizations  (PCI/NCI)  as  well  as 
electron  iapact  (El)  were  used  .  A  series  of  nitrate 
ester  explosives  includins  PETM  .  BTTM  .  HQ  ,  TECH  .  PGDN 
and  TMETH  were  studied  .  Their  structural  foraula  are 
shown  in  Pisure  1. 

2.  EXPERIMENTAL 

All  aass  spectra  were  cenerated  via  a  Finn  lean 
Model  4023  coabined  aas  chroaatosraph  /  aass  spectroaeter 
(QC/MS)  equipped  with  a  dual  CI/EI  source.  A 
Pinnlcan  MAT  TSQ  46  triple  stase  quadrupole  QC/MS/MS 
sytatea  was  used  for  acquisition  of  daushter  ion  aass 
apectroaetr ic  data.  Ultra-hich  purity  aethane  .  isobutane 
and  aaaonia  (  Matheson  .  Morrow.  CA  .USA  )  were  used  as 
the  Cl  reacent  cases  and  Ar  was  used  as  the 


collision 

The 

cas. 

explosives  PETM  .  BTTM  . 
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(PGDN) 
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Pen taerythrltol  tetranitrate 
(PETN) 
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Fitcure  1.  Structure  of  nitrate  ester  explosives. 
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diluted  with  acetone  to 

provide  a  series 

of 

different 

concentrations 

Sample 

solution  was 

eluted 

on 

two-meter- long 

DB-5  fused 

silica  capillary 

column 

using 

Bl 

helium  carrier 

at  the 

head  pressure  8 

psig. 

The 

GC 

temperature  was 

programmed 

from  4<»C!  to  250101 

at  a 

rate 

of 

3013  /Min  .  Injector  temperature  was  180T2  .  Ion  source 
temperature  was  250T2  for  El  and  150TCJ  for  Cl  techniques. 
Tandem  mass  spectrometry  (MS/MS)  was  performed  with  a 
collision  energy  of  20  eV  and  collision  gas  pressure  of  3 
miliitorr.  Electron  energy  was  70  eV  in  El  mode  and  changed 
to  100  eV  in  Cl  modes.  Triplicate  1.0  ul  injections  of  each 
sample  solution  were  made. 

Ouant itat i ve  studies  were  performed  by  using  the 
highly  selective  selected  ion  monitoring  CSIH)  technique  in 
GC/Mf  and  selected  ion  reaction  monitoring  (SRM)  technique 
in  GC/MS/MS  with  sample  introduction  via  a  short  capillary 
column.  The  quantification  signal  was  obtained  by 
integrating  the  ion  current  over  the  scans  dr-ring  elution  of 
sample  to  obtain  the  GC  peak  area.  The  limit  of  detection 
(L0D)  was  calculated  as  the  amount  of  samaple  necessary  to 
give  a  signal-  to-noise  (S/N)  ratio  of  3  . 

3.  RESULTS  AND  DISCUSSION 

3.1  Mass  Spectrometry  of  The  Nitrate  Ester  Explosives 


The  El  mass  spectra 

of 

all 

above  nitrate 

estor-a 

have  shown  the 

(M+N0) * 
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♦NO.) * 

adduct 

Ions 
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NO.* 
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neutral  sample 

mo  1  ecu les 
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pressure 
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source 

chamber.  Example 

of  the  El  mass 

spectrum  of  TMETN 

is 

shown 

in  Figure  2.  The 

base  peak 
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is  due  to 

HO*  4 

.  This 

base  peak  is 

found  in 

all 

the 

El  mass  spectra  of 

5-5 


MOSS  SPECTRUM  DATA:  E3243  ISS  BASE  ft/E)  46 

10/03^86  H:41i60  ♦  1:35  CAUs  CALI180886  *1  RIC:  656384. 

SAMPLE?  TMETN  . 

CONDS.;  SOLIDS  PRC3E  40C-250Ci30Cd1IK> 

1)6  TO  1103  AVERAGED 


FlKure  2.  El  i«rs  spnctrum  of  TMETN. 


Table  1.  The  rolnl.jve  abundance  of  add!  Lion  ion*:  in  the 
Hi  mass  spoctr/i  of  nitrate  'istftr  explosives. 


Compound 

Mo  i  er.u  iar 
vp irbt 
( .j  .  m  .  «*  ) 

Add  i  t 

ion  ions  in  »/*  (30 

<M  -v  H)  * 

(M  -  HO) * 

(M  *  HO.)’ 

EG  DM 

160 

167(0.3) 

100(1.2) 

212(8.7) 

HG 

227 

228(1 . 1 ) 

257(0.7) 

273(8.0) 

PKTN 

35  0 

317(0.03) 

346(0.05) 

362(0.4) 

IlflN 

241 

242U  .6) 

271 (2. 4) 

287(21 .4) 

TEGK 

240 

241 (26.5) 

270(2. 6) 

280(12.0) 

TMICTH 

yr»5 

250(3.7) 

285(5.2) 

301 (47.85 
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these  compounds  . 

The  PCI  technique  with  CH«  (  or  i-C«Hi«  )  as  the 
reagent  cases,  the  observed  major  ions  are  similar  to  those 
in  the  El  mass  spectrometry .  The  aost  abundant  ions  found  in 
the  PCI-CH*  mass  spectra  are  the  (M  *  H) *  ion  for  PETH. 


TEGH. 

and  TMETW.  and  the 

adduct 

ion. 

(M  *N0») * 

,  for 

PGDN.  NG 

and  BTTK  (Table  2).  As  NH. 

to  be 

the 

reagent 

gas.  the  major 

ions 

is  (M  ♦NH« ) ’ . 

With  NCI  technique,  despite 

of 

which  reagent 

gas  is 

used. 

the  most  abundant 

ion  . 

except  TEGN, 

is 

(M  *N0») ' 

(Tabl 

e  3) .  In  TEGN  mass 

spectrum  . 

the 

observed  most 

abundant  Ion  Is  (H  +  H0» 

)-  . 

This 

may  be 

due 

to  the 

linear  Molecular  structure  of  TEGN. 

3.2  Selected  Ion  Honitorinc  (SIM) 

In  order  to  increase  the  sensitivity  of  mass 

sPsctroMtry  .  selected  Ion  monitoring  (SIM)  of  the  aost 
abundant  ion  was  used  to  determine  the  detection  limit  in 
CtC/MS  method  [31.  The  base  peak  ion  of  nitrate  ester 

explosive  was  determined  from  the  mass  spectra  in  which 

samples  ver#  introduced  via  GC. 

The  selected  ionn  ion  Stored  in  different  Bodes  and  the 

optimised  quantitation  conditions  are  listed  in  Table  4.  The 

LCDs  are  in  the  ranee  of  8  — 40  nc  for  El.  2  ~17  ng 

for  PCI-CH*  and  0.008  ~0.8  ns  for  KCI-CH.  .  The  relative 
standard  deviations  of  integrated  signals  for  the  triplicate 
analyses  having  S/N  ratio  greater  than  3  are  rangwd  from  6 
to  27  %  for  the  PCI  technique  and  4  to  20  X  for  MCI. 

From  Table  4;  It  is  found  that  the  detection  limits  are 
dependant  upon  nitrate  eater  explosives  and  mass  apectroaetr ic 
techniques.  The  detection  tin its  obtainable  for  PCI  sre 
of  the  same  order  as  for  El.  The  sensitivity  in  MCI  is 

increased  by  one  or  two  orders  of  magnitute  higher  then  that 
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obtained  in  El  and  PCI  .  This  is  siailar  to  the  results 
reported  in  the  literature  [4].  The  aoat  sensitive  LOD 
with  0.008  nc  of  PGDN  is  obtained  in  NCI  node  . 

3.3  Selected  Ion  Reaction  Monitoring  (SRM)  £5] 

For  PCI-SRM,  the  quas i-aolecular  ion  of  TMETN  or  BTTN 
was  selected  as  the  parent  ion  by  the  first  quadrupole  and 
fragmented  by  an  inert  collision  gas  A r  in  the  central 
quadrupole.  Only  the  most  abundant  daushter  Ion.  »/z  48  .  was 
allowed  to  pass  through  the  third  quadrupole.  The  quanitatlon 
signal  was  obtained  by  integrating  the  ion  current  over  the 
scans  during  elution  of  TMETN  or  BTTN.  The  dauahter  spectrua 

of  the  (MH) *  ion.  a/z  256.  of  TMETN  is  shown  in  Flsure  3. 

For  NCI-SRM.  the  nest  abundant  ion  N0>~  .  a/z  82  .  In 
TMETN  and  BTTN  was  selected  as  the  parent  ion  ,  the  dauahter 
ion  at  a/z  46  was  aonitored  .  The  dauahter  spectrua  of  N0»' 

at  a/z  82  of  TMETN  Is  shown  in  Flaure  4. 

Results  of  the  quantitative  studies  of  TMETN  and  BTTN 
using  highly  selective  selected  ion  reaction  aonitorina 

technique  of  MS/MS  under  the  optiaized  conditions  or* 

summarized  in  Table  5.  The  LODs  obtained  in  the  PCI-SRM  are 

4  ns  for  TMETN  and  7  ns  for  BTTN  .  whereas  in  NCI-SRM  . 

0.43  ns  for  TMETN  and  0.17  na  for  BTTN  . 

The  sensitivity  for  NCI  is  increased  by  one  order  of 
aaanitute  higher  than  that  obtained  in  PCI.  This  is 
siailar  to  the  result  obtained  in  the  SIM  technique. 

Although  the  fraaaentatlon  efficiency  for  parent  ion 
to  dauahter  ion  will  affect  the  sensitlviy  of  SRM 

technique,  but  as  a  aatter  of  fact  that  the  LODs  for  SRM  and 

SIM  are  siailar  .  This  indicates  that  a  partial  loss  of 
sensitivity  inherent  in  SRM  Is  coapensated  by  the  decrease 
in  *'  cheaicel  noise  "  .  The  dauahter  ion  spectrua  in 

the  GC/MS/MS-SRM  can  provide  a  method  for  the  identification 
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mo  mss  spectrum  oata«  tjcixubwi  *33 i  base  */i\  <6 

83/31/39  13)33:88  ♦  2)52  CALI)  898331CAL03  II  MC«  3894*. 

sample:  the™ 

COWS.)  ♦/CIKJM/CAOS*/OAU(KTERS  OF  256  /GAIH)7/CE:-13.8/GC 
tt  TEMP)  163  DEC.  C 


Figure  3.  Daughter  apectru*  of  ion  iK*H)  ♦  .  m/z:  250 
of  TMETN  produced  by  PCI  (Cl!.,).. 


HID  HASS  SPECTRUM 
83/31/89  16:38:00  *  8:82 
SAfFlE:  TMETH 
COHOS.:  EXPR  TT 
CC  TDfi  77  KG.  C 


EKTA:  TMETt*01  18  BASE  tt-Zi  62 

CALI)  83833ICALC3  *1  RIC:  67848. 

NO," 


Figure  4. 


Daughter  spcetru*  of  ion  NOa  "  .  n/z  02 
of  TMETN  produced  by  NCI  (Cll  +  ). 
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of  compounds  in  a  complex  aatrix  without  previous  separation. 

Application  of  these  detection  techniques  is  to  be 
studied  in  our  laboratory  for  trace  analysis  of  explosives  in 
post-explosion  debris. 

4.  CONCLUSIONS 

4.1  The  combination  of  El.  PCI  and  NCI  ionzation  methods 
of  Mass  spectrometry  provides  a  very  powerfully  analytical 
system  which  is  capable  of  aivina  clear  positive 
identification  of  nitrate  ester  explosives. 

4.2  Compart n*  various  MS  monitor  ins  modes  .  the  best 
monitorina  mode  for  determination  of  nitrate  ester  explosives 
seems  to  be  the  NCI-CH«  with  selected  ion  monitoring 
or  with  selected  ion  reaction  monitorina  . 

4.3  The  lowest  PGDN  detection  limit  obtained  with  short 
capillary  column  GC/NCI-SIM  is  0.008  ns.  The  situation  of 
PETN  seems  rather  different  amona  all  determined  nitrate 
eaters.  since  the  LOD  can  not  be  lower  with  the 
same  experimental  conditions. 
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APPLICATION  OF  CHROMATOGRAPHIC  METHODS  FOR  I  DENTIFICATION  AND 
SEPARATION  OF  EXPLOSIVES,  THEIR  DEGRADATION-  AND  BY-PRODUCTS 
IN  DIFFERENT  MATRICES  E.G.  FORMULATIONS,  WATER,  SOIL  AND  AIR.- 


H.  Kohler 

Dynamit  Nobel  AG,  Werk  Schlebusch 
Leverkusen-Schlebusch,  KalkstraRe  218 
F.R.G. 


ABSTRACT 

In  the  first  part  of  this  contribution  a  survey  is  given  of  well  established 
methods  of  analysis  of  explosives  described  ;n  the  literature  (1-4). 

Analysis  of  explosives  is  mainly  done  by  high  pressure  liquid  chromatography, 
the  application  of  g.I.c.  and  t.*.c.  is  used  for  special  applications. 

In  the  second  part  of  this  paper  the  application  of  chromatographic  methods 
will  be  discussed  using  examples  of  actual  analysis  from  a  typical  explosives- 
factory. 

In  particular  the  sample  preparation  is  important  to  obtain  correct  and 
reproducible  results  because  of  the  possible  interferences  of  the  matrices. 

The  following  applications  are  discussed  in  detail: 

1. )  Analysis  of  mono-,  di-  and  trinitrotoluene  in  water  and  soil. 

2. )  Analysis  of  glyceroltnnitrate,  -dinitrate,  -mononitrate  in  water  and  soil. 

3. )  Analysis  of  glyceroltnnitrate  and  glycoldinitrate  in  air. 

4. )  analysis  of  pharmaceutical  preparations  of  glyceroltnnitrate,  isosorbide- 

mononitrate  and  -dinitrate. 
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5. )  Analysis  of  coal-mining  explosives. 

6. )  HPLC-methods  for  separating  some  of  the  most  common  explosives  and 

stabilizers  in  one  or  two  runs  of  a  chromatogram. 

Table  of  contents: 

1.0.0  Introduction 

1.1.0  Methods  for  identification  and  separation  of  explosives  in  general 
1.2.0  Aim  of  this  contribution 

2.0.0  Analysis  of  explosives 

2.1.0  Sample  preparation 

2.1.1  Air 

2.1.2  Water 

2.1.3  Soil 

2.1.4  Pharmaceutical  formulations 

2.1.5  Coal  mining  explosives,  powders  and  propellents 

2.2.0  Chromatographic  methods 

2.2.1  Gas  chromatography 

2.2.2  High  performance  liquid  chromatography 

2.2.3  Calibration  methods 

2.3.0  Chromatograms 

2.3.1  Determination  of  GTN  and  EGDN  in  air 

2.3.2  Determination  of  tri — ,  di-  and  mononitrotoluenes  in  water 

2.3.3  Analysis  of  GTN,  EGDN  and  Glycolmononitrate  in  water 

2.3.4  Separation  of  1 ,2-Glycerol-di-mtrate  and  1 ,3-Glycerol-di-nitrate 

2.3.5  Separation  of  2-ISMO,  5-ISMO,  NOg*  and  NO^" 

2.3.6  Determination  of  GTN  in  GTN/lactose  trituration 

2.3.7  GTN  and  EGDN  in  coal-mining  explosives 

2.3.8  Chromatogram  of  mixture  of  different  explosives 
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3.0.0  Oicussion  and  conclusions 
3.1.0  Reproducibility 

3.2.0  Minimum  detectable  concentration  range 
4.0.0  Table  of  analysed  explosives  and  substances 

5.0.0  Literature  cited 

1.0.0  Introduction: 

1.1.0  Survey:  Common  methods  of  analysis  of  explosives 

For  the  analysis  of  most  classes  of  organic  compounds,  it  is  usually 
possible  to  use  most  chromatographic  techniques  in  combination  with 
a  wide  variety  of  detectors. 

However,  in  the  case  of  explosives,  the  very  nature  of  these  materials 
requires  the  application  of  certain  important  chromatographic  methods. 
Medium  or  high  temperature  gas  chromatography  is  generally  impossible 
to  employ  with  most  explosives  exepted  some  nitroaromates. 

Thin  layer  chromatography  (TLC)  has  often  been  employed  along  with 
organic  spray  reagents  for  rapid  identification  of  explosives.  This  technique 
makes  their  detection  very  simple,  but  their  quantitation  still  suffers  a  bit 
from  some  nonreproducible  effects. 

The  progress  of  analysis  of  explosive  materials  has  shown  in  the  past 
10  years  that  the  analysis  of  explosives  with  a  high  degree  of  accuracy 
and  precision  both  qualitative  and  quantitative,  has  mainly  been  proceeded 
by  the  application  of  high  performance  liquid  chromatography  (HPLC). 

HPLC  can  be  utilized  for  the  combined  analysis  of  both  volatile  and 
nonvolatile  materials,  and  is  nondestructive  all  cases,  because  this 
method  is  generally  conducted  at  ambient  temperatures. 

Most  HPLC  applications  can  readily  be  automated,  thus  permitting 
the  routine  analysis  of  a  large  number  of  samples  in  a  short  period 
of  time.  Recent  progress  in  analytical  instrumentation  have  brought 
commercially  available  sensitive  and  highly  selective  detectors  such 
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as  electrochemical  detection,  the  coupling  of  HPLC/MS  detection,  or 
application  of  a  nitrosyl-specific  detector,  variable  wavelength  UV- 
detector  and  diode-array  UV-VIS  detectors.  Chromatography  is  mainly 
a  separating  method,  but  by  the  application  of  the  obove  mentioned 
specific  detectors  can  also  be  used  for  identification  purposes.  (1) 

1.2.0  Aim  of  this  contribution 

In  this  paper  are  shown  with  some  typical  examples  the  possibilities 
of  HPLC  methods,  developed  in  an  analytic  laboratory  of  an  explosives 
factory.  Most  of  these  methods  were  elaborated  because  of  the  necessity 
to  perform  quality  control  of  products,  to  solve  environmental  and  indu¬ 
strial  hygiene  problems. 

Roughly  ten  years  ago,  when  our  laboratory  came  into  contact  with  the 
new  HPLC  methods,  the  commercially  available  columns  or  separating 
materials  were  based  on  special  normal  phase  silicagel.  Therefore  our 
first  methods  dealing  with  the  analysis  of  explosives  were  performed  with 
normal  phase  columns  and  organic  solvents. 

These  methods  involved  many  separations  with  solvent-gradient  program¬ 
ming  which  brought  successful  analysis.  (2) 

However,  solvent  gradient  HPLC-methods  were  time  consuming  in  respect 
of  postrun  equilibration  of  the  column.  This  had  also  an  effect  on 
reproducibility  and  sensitivity  of  the  following  analysis. 

Organic-solvent  gradient  HPLC-methods  are  very  sensitive  to  a  constant 
amount  of  water  in  the  system  stationary  phase/mobile  phase.  Sensitivity 
was  relatively  poor;  a  late  eluting  small  peak  in  a  gradient  programme 
was  difficult  to  integrate  and  gave  poor  quantitative,  not  good  reproducible 
results. 

Another  problem  ten  years  ago  was  the  lack  of  sufficient  sensitive  UV- 
detectors.  In  our  very  first  beginning  we  had  a  fixed  wavelength  detector 
which  operated  at  254  nm.  This  was  good  for  analysis  of  some  nilroaroma- 
tic  based  explosives,  but  not  sufficient  for  aliphatic  nitrate  esters. 
Fortunately  in  a  relative  short  time  good  reversed  phase  stationary  phases 
were  available,  in  the  same  time  UV-VIS  Detectors  for  HPLC  with  variable 
wavelength  came  on  to  the  market.  Therefore  our  laboratory  redeveloped 
all  previous  methods. 


6-5 


Nowadays  we  do  HPLC  analysis  of  explosives  practiodly  exclusively  with 
reversed-phase  chromatography  and  water/methanol  or  water/acetonitrile 
mixtures  as  mobile  phase.  A  breakthrough  in  sensitivity  and  reproducili- 
bity  was  achieved  by  the  application  of  isocratic  separation  and  the 
possibility  to  have  detection  wavelength  at  205  nm  for  nitrate  esters. 
Before  starting  with  the  report  on  the  practical  examples  of  analysis,  a 
few  words  over  the  concentration  range  in  which  quantitative  analysis  is 
performed  in  our  laboratory: 

We  do  analysis  normally  on  products  which  contain  explosives  in  the 
percent  range,  e.g.  pharmaceutical  formulations  and  coal-mining 
explosives.  The  analysis  of  by-products  and  degradation  products  covers 
ca.  1000  to  10  ppms.  Environmental  analysis  requires  methods  where 
the  concentration  of  some  explosives  is  in  the  0,01  ppm  to  the  1  ppb 
range. 

The  following  discussion  will  be  divided  in  three  parts: 

At  first,  sampling  methods  are  described  in  general.  In  the  second  part 
chromatographic  methods  and  calibration  is  discussed.  The  third  part 
gives  technical  details  on  HPLC-  and  G.C.-apparatus,  columns,  mobile 
phase  and  will  show  some  typical  chromatograms  with  chromatogaphic 
conditions. 

2.0.0  Analysis  of  explosives 
2.1.0  Sample  preparation 

Reproducible  and  correct  analytical  data  depend  highly  on  the  sample 
preparation  which  has  to  be  specific  for  the  matrix,  in  which  the 
explosives  are  to  be  determined. 

2.1.1  Air 

Starting  from  1980,  in  Germany  the  MAK -values  (TLV-values)  at  working 
places  were  drastically  lowered  from  5  mg/m3  to  0,5  mg/m3  for  GTN 
and  from  1,6  mg/m3  to  0,3  mg/m3  for  EGDN,  creating  a  demand  for  a 
method  for  separating  the  two  explosives  which  is  sensitive  enough  for  the 
control  of  the  lowered  TLV-values. 

This  was  achieved  by  application  of  a  special  construction  of  impingors, 
which  allow  to  pump  the  air  through  a  volume  of  10  ml  of  isopropanoi. 
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The  impingers  are  cooled  during  pumping  the  air  through  with  a  mixture 
of  soiid carbon  dioxide  with  methanol,  maintaining  temperatures  at  -70°C 
(203  K).  The  pumping  velocity  is  2  l/min.  up  to  2,5  l/min.  Sampling  takes 
between  2  h  to  8  h,  depending  on  the  amount  of  the  nitrate  esters  being 
present  imthe  air.  Normally  a  sampling  volume  of  500  I  to  1000  I  air  is 
sufficient.  The  isapropanol  solution  is  directly  injected  into  the  HPLC 
(10  ul). 

Sampling  trinitrotoluene  (TNT)  in  air  must  follow  two  different  inten¬ 
tions  of  analysis: 

a)  Determining  TNT  in  form  of  vapour  phase  and  dust  particles,  sampling 
is  done  by  pumping  the  air  through  bubblers  which  contain  trichloro¬ 
ethylene.  Sampled  volume  is  between  500  I  and  1000  i  air.  To  increase 
sensitivity  the  trichloroethylene  solution  can  be  concentrated  by  destina¬ 
tion  and  then  diluted  with  methylenechloride. 

b)  Determining  the  TNT  dust  in  the  air  requires  another  sampling  method: 
The  air  is  pumped  through  8  micron  membrane  filters  with  the  aid  of  a 
dust  collecting  device.  The  filter  material  is  nitrocellulose,  the  device 

we  apply  is  the  dust  sampler  MD  8  by  Sartorius.  After  sampling  the  mem¬ 
brane  filters  are  extracted  with  methylene  chloride.  This  solution  is 
is  used  for  HPLC  analysis. 

2.1.2  Water 

The  determination  of  GTN,  EGDN  and  their  decomposition  product  in 
waste  water  of  the  nitrs.tion  factory  or  in  water  solutions  for  pharma¬ 
ceutical  use  needs  no  special  sample  preparation,  excepted  microfiltration 
for  remowing  particulate  matter  to  ovoid  clogging  of  the  HPLC-columms. 
8ecause  of  the  poor  solubility  of  the  nitrate  esters  in  water,  (ca.  0,1  %) 
these  water  solutions  are  in  the  proper  concentration  for  HPLC-analysis. 
Different  from  this  is  the  sample  preparation  for  the  determine‘ion  of 
the  trmitro-,  dinitro-  and  mononitrotoluenes  in  ground  water.  For  these 
analyses  which  are  performed  by  glass-capillary  gaschromatography  with 
flame  ionisation  detection  in  the  ppb-range,  direct  injection  of  the  water 
is  not  poss.ble.  Sample  preparation  is  performed  by  extraction  of  1  liter 
of  undergrouno  water  with  20  ml  of  pure  chloroform.  This  is  done  by 
vigourus  stirring  ana  mixing  the  two  phases  in  a  1  liter  glasc  stoppered 
glass  botUe  during  one  hour.  The  organic  phase  can  directly  be  injected 
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into  the  gas  chromatograph. 

2.1.3  SoU 

Samples  of  contaminated  soil's  or  sands  are  extracted  with  chloroform, 
when  TNT  and  the  by-products  are  present.  Ca.  100  g  sample  is  treated 
with  50  ml  of  solvent  in  an  ultrasonic  bath. 

If  nitrate  esters  are  supposed  to  be  present  in  soil  the  extraction  is  done 
with  acetonitrile,  treating  ca.  100  g  sample  with  50  to  20  ml  of  acetonitri¬ 
le  in  an  ultrasonic  bath. 

2.1.4  Pharmaceutical  formulations 

Nitrate  esters  like  GTN,  lsosob:dedinitrate  and  5-lsosorbidemonomtrate 
are  delivered  in  harmless,  phlegmatized  formulations  in  the  form  of  bulk 
ware.  The  most  important  bulk  ware  formulations  are  triturations  with 
sugars,  mixture  with  fatty  oils,  solutions  in  alcohols,  alcohol/water  or 
water  solutions  and  spiay  formulations. 

Sample  preparation  for  trituration  in  sugars  like  lactose  or  glucose  of 
nitrate  esters  is  done  by  treating  the  samples  with  acetonitrile  (HPLC- 
grade)  in  an  ultrasonic  bath.  After  10-15  minutes  the  sample  vials  are 
centrifugated.  The  dear  solution  is  then  ready  for  injection.  Solutions 
of  nitrate  esters  in  alcohols  are  diluted  to  an  adequate  concentration. 
Mixtures  with  fatty  oils  ar>>  treated  in  the  same  manner  like  the  sugar- 
triturations. 

A  special  method  of  sample  preparation  is  wnen  analysis  of  GTN-Spray 
is  required  for  determiningthe  GTN-content  of  a  spray-shot-dose. 

Spraying  into  volumetric  flasks  filled  with  solvent  gives  no  reproducible 
results  because  the  volatile,  chlcrotrifluorohydrocarbon  propellant  takes 
to  much  GTN  away.  We  therefore  put  the  spray  bottle  into  a  sealable 
polyethylene  bag.  After  10  times  pressing  the  valve  of  the  spray  bottle 
from  the  outer  side  of  the  flexible  bag  and  after  waiting  for  five  minutes, 
through  a  tiny  opening  50  mi  of  methanol  are  pipetted  into  the  hag,  closed 
again  and  well  agitated.  After  a  few  minutes,  the  bag  is  openend  and  the 
solution  is  transferred  into  sealable  sample  vials. 
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2.1.5  Coal  mining  explosives,  powder  and  propellents 

The  coal  mining  explosives  are  mainly  mixtures  of  inorganic  salts  with 
ca.  10  %  of  GTN/EGDN  blend.  Sample  preparation  is  done  by  extraction 
of  50  g  of  explosives  in  a  soxhlet  apparatus  using  glass  filter  extraction 
devices  with  diethylether.  After  3  hours  extraction  time  the  d>ethylether 
is  allowed  to  evaporate  under  a  hood  at  room  temperature.  The  remaining 
residue  can  be  directly  analysed  by  HPLC,  weighing  in  aliquots  and 
diluting  with  acetonitrile. 

Another  more  direct  approach  is  done  by  weighmg  in  the  explosive  into 
a  vo'umetric  flask,  filling  up  withe  acetonitrile  ar.d  then  filtering  to  ob¬ 
tain  a  clear  solution.  Powders  and  propellants,  which  contain  different 
explosives,  nitrocellulose  and  stabilizers,  are  extracted  during  48  h  in  a 
sorhlet  apparatus  witn  methylenechloride  in  the  ratio  a  2,5  g  sample  and 
100  ml  solvent.  The  obtained  solution  is  evaporated  to  dryness  at  40°C 
under  vacuum. 

This  residue  is  rinsed  with  acetonitrile  or  adequate  solvents  into  volumetric 
flasks.  This  solution  is  ready  for  analysis.  (3) 

2.2.0  Chromatographic  conditions  and  calibrating  methods 

2.2.1  Gas  chromatography 

Apparatus:  Hewlett  Packard  5880  equipped  with  flame  ionisation  detector. 
Column  is  a  12  m  0,2  mm  internal  diameter  glass  capillary  coated  with 
deactivated  carbowax  OV  101.  ' 

Injection  is  splitless,  the  run  is  temperature  programmed  from  60°C  to 
150°C  end  temperature. 

Integration  is  dene  by  using  HP-System  Level  four. 

2.2.2  High  perfoimance  liquid  chromatography  (HPLC.) 

Apparatus: 

Analysis  of  the  nitrate  esters  and  their  formulations  were  performed 
u  ing  HPLC-equipment  manufactured  by  Vanan,  Darmstadt,  West  fermany. 
Two  models  are  in  use:  Model  5020  with  Vista  401  Data-System  and 
model  5040  with  computing  integrator  Hitachi/Merck  D  2000. 

For  detection  variable  wavelength  UV  detectors  wore  used  (Vanan  L’V 
100  and  UV  2050).  Ready  packed  columns  form  different  suppliers  were 
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used.  Separations  were  performed  on  RP-8  columns  (Merck, Darmstadt), 
Vari&n  RP-18  Mikropac  columns  and  Macherey  and  Nagel  RP-18  columns. 
Particle  size  of  the  stationary  phase  varied  between  5;  7  and  10  microns. 

All  solvent  are  HPLC-grade  (Baker). 

Most  of  the  separations  were  isocratic  runs  with  simple  mixtures  of 
water/methanol  or  acetonitrile/water.  Two  special  methods  need  to  be 
described  more  detailed: 

1. )  Separation  of  the  two  isomeric  isosorbide  mononitrates  2-ISMO, 

5-ISMO  and  inorganic  NO„~  and  NOg~  was  not  possible  with  the 
above  mentionend  mixtures.  The  problem  was  solved  by  trying  "ion  pair" 
chromatography.  Literature  describes  that  ion  pair  chromatography 
influences  the  retentention  times  only  of  ionic  substances,  whereas 
nonionic  substances  should  not  be  affected.  (4) 

In  contrast  to  this,  good  separations  were  achieved  on  RP-18  columns 
with  tetrabutylammoniumhydrogensulphate  in  water/acetonitrile  as 
mobile  phase. 

2. )  For  the  separation  of  a  mixture  of  different  types  of  explosives, 

isocratic  runs  are  not  applicable.  Therefore  gradient  programming  of 
the  mobile  phase  was  necessary  to  achieve  separation  in  a  rational 
time. 

An  example  will  be  shown  in  chromatogram.  (8) 

2.2.3  CaliPratinn  methods 

Sample  introduction  for  HPLC  separations  was  always  done  by  sample 
loops.  Therefore  all  our  calibration  for  quantitative  determinations  was 
done  by  the  external  standard  method  using  the  solutions  of  pure  explosives 
in  adequate  concentration  which  meet  the  concentration  range  of  the 
substance  to  be  analysed. 

We  achieved  best  reproducible  results  when  determining  the  ussay  of 
nitrate  esters  in  pharmaceutical  formulations  with  "matrix  calibration". 

For  example  when  GTN-lactose  triturations  have  to  be  analysed,  an 
external  standard  is  prepared  by  mixing  a  known  amount  of  GTN  with 
an  exactly  weighed  amount  of  lactose.  This  mixture  is  treated  in  the 
same  manner  of  sample  preparation  like  the  formulation  to  be  analysed. 

The  following  example  emphazises  the  need  of  matrix  calibration  for  ob¬ 
taining  correct  quantitative  results.  When  a  0,1  %  solution  of  GTN  in  wa¬ 
ter  is  analysed  by  HPLC,  using  as  external  standard  an  ac8tcnitriie~GTN 
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solution,  the  result  is  0,14  %  GTN.  When  using  GTN-water  solution  as 
external  standard,  the  correct  result  of  0,1  %  is  obtained.  The  cause  of 
this  difference  is  the  fact,  that  GTN-water  and  GTN-aceton.trile  solutions 
of  the  same  concentration  have  a  different  UV  extinction  coefficient.  We 
have  proved  this  by  measuring  the  UV  spectra. 

For  the  determination  of  nitrotoluenes  an  internal  standaro  method  is 
used.  1  he  calibration  solution  is  a  mixture  of  known  amounts  of  the 
mono-,  di -  and  trinitrotoluenes.  The  internal  standard  is  hexadecane, 
as  shown  in  chromatogram.  (2) 

2.3.0  Chromatograms 

2.3.1  Determination  of  GTN  and  EGDN  in  air 


EGDN  at  3,6  min.,  GTN  at  5,3  min. 

Column  RP-18,  mobile  phase  water/aceiooftrile  1-1 
flow  1  mfmin.,  detection  UV  210  nm 
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Glass  caoiltary  12  m  CV  101,  i.d.  0,2  mm 
Oven  temperature  C0°C/1  min.  to  150*C,  rate  15°C'min. 
F.I.D.  Splitless  injection.  Injector  temperature  23G<tC, 
Detector  temperature  250°C, 

Substances  are  eluted  in  increasing  iimss  as  .'ollo^s: 
o-mono-,  m-mono-,  p-mono-,  2,6-di-,  2,4-cMmirotoluene 
hesadecane,  trinitrotoluene. 
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2.3.4  Separation  of  1,2-GDN  and  1,3-GDN 


1,3-GDN 

1,2-GDN 


Column  R P-18,  mobile  phase:  water/acetomtrole  80/20 
Detection  UV  210  nrn,  f'ow  rate  1,5  mi/mtn. 

1,3-GDN  «t  min.,  1,2-GDN  at  1,4  min. 


i 
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2.3.5  Separation  of  2-ISMO,  5-ISMO,  NOg"  and  NOg 


4-rt7 


6  .95 


5-ISMO 


Column-  RP-8,  mobile  phase:  0,005  m  tetrabutyiammonium  hydrogenesulphat 
in  water  with  buffer  solution  pH  6,5  and  acetonitrile  mixture  90:10  by 
volume 

Detection  UV  210  nm,  flow  rate  I  ml/mm. 
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2.3.6  Determination  of  GTN  in  GTN/|actose  triturations 


3.  f  98 
4 7  t  7 


1,3-  +  y-GDN 


1 . 832 


Column:  RP-18,  mobile  phase  acetonitrile/water, 
50:50  by  volume,  detection  UV  at  210  nm 
flow  rate  1,5  ml/min. 

GN/N  at  1,8  min.;  1,3-  +  1,2-GDN  at  2,9  mm. 
GTN  at  5,9  min. 
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2.3.7  Determination  of  EGDN  and  GT N  in  coal 


mining 


explosives 
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2.3.8  Chromatogram  of  mixture  of  different  explosives  with  gradient 
and  flow  programming 


CH..  t  C.S  2.58  ATT  6  OFFS  5  84/19/89  11:52 
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Column:  RP-18,  mobile  phase:'  gradient  program 

with  water/acetonitrile:  Time  O:.  Water  =  95  %, 

time  5  min.:  water  =  95  H,  time  45  min.:  water  =  60  % 

time  60  min.:  water  =  60  % 

Flow  program:  Time  O:.  1,1  ml/min.,  time  5  min.: 

1,1  ml/min.;  time  45  min.:  1,6  mi/min.,  time  60  min.:  1,6  ml/min. 
Detection  UV  at  210  nm 
Elution  order: 

Nitroguanidine:  2,8  min.  Hexogene:  27,6  min. 

2-ISMO:  7,6  min.  Octogene:  29,9  min. 

5-ISMO:  9,9  min.  DEGDN:  31,0  min. 

1,3-GDN:  11,5  min.  ISDN:  34,2  min 

1,2-GDN:  15,2  min.  GTN:  44,8  min. 

EGDN.  19,8  min.  Centralit  ■:  56,0  min. 
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3.3.0  Discussion  and  conclusions 
3.1.0  Reproducibility  and  accuracy 

The  described  methods  of  analysing  explosives  by  chromatographic  methods 
are  used  mainly  for  quantitative  determinations.  When  doing  assay  for  the 
products  containing  explosives  in  the  percent  range,  we  achieved  in  routine 
analysis  an  overall  relative  standard  deviation  of  -  0,5  %  to  -  1  %  of  the 
results.  The  determination  of  GTN  and  EGDN  in  air  to  control  the 
TLV-values  gives  relative  standard  deviations  up  to  -  5  %.  This  arises  from 
the  fact  that  the  concentrations  are  very  low  and  therefore  the  noise  is 
higher  than  in  other  separations.  For  the  determination  of  nitrotoluenes 
in  the  ppb  range,  the  relative  standard  deviation  is  -  10  %. 

Qualitative  analysis  shows  deviation  in  the  retention  times  in  the  range 
of  5  %.  Since  the  commercial  available  prepacked  HPLC  columns  have 
been  greatly  improved,  the  retention  times  and  the  separation  behaviour 
does  only  show  mimumum  changes. 

When  a  new  column  is  installed  test  runs  with^alibration  solutions 
are  done. 

3.2.0  Sensitivity  and  minium  detectable  concentration  range 

In  HPLC  separations  detection  limit  with  the  used  equipment  is  in  the 
10-5  nanogram  range  absolute  when  analysing  GTN  and  other  nitrate  ester. 
In  some  cases,  sensitivity  can  be  increased  by  overloading  the  column 
when  the  separation  of  the  by  products  form  the  main  products  is  good. 
For  example  in  the  determination  of  inorganic  nitrates  and  2-ISMO  in 
5-ISMO,  solutions  of  1  g  per  100  ml  are  analysed. 

The  analysis  of  nitrotoluenes  with  glass  capillary  GC  with  flame  ionisation 
detection  has  also  detection  limits  of  5  to  10  nanograms  absolute. 

The  chromatograms  which  were  shown  as  practical  examples  do  not 
cover  all  our  work  but  were  selecteo  to  show  typical  simple  and  reliable 
methods.  With  slight  variations  or  modifications  of  the  mobile  phase  these 
methods  can  be  used  for  various  problems  which  arise  in  the  daily  work 
of  an  analytical  laboratory  of  an  explosives  plant. 
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4.0.0  Table  of  analysed  components: 


Centralit  I 
DEGDN 

1.2- GDN 

1.3- GDN 
GTN 
EGDN 

Glycolmononitrate 

2-ISMO 

5-ISiVlO 

ISON 

o-Mononitrotoluene 

m-Mononitrotoluene 

p-Mononitrotoluene 

2.4- Dinitrotoluene 
2,6-Dinitrotoluene 
2,4/5-T  rinitrotoluene 
Nitroguanidine 
Hexogen  =  RDX 
Octogen  =  HMX 


Diothyldiphenylurea 

Diglycoldinilrate 

1 .2- Glycero!dinitrate 

1 .3- Glycero!dinitrate 
Glyceroltrinitrate 
Glycoldinitrate 

lsosorbide-2-monomtrate 

lsosorbide-5-mononitrate 

Isosorbidedmitrate 


Cyclotrimethylenetri  nit  rami  ne 
Cyclotetramethylenetetramtramine 
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ABSTRACT 

TITAN  Technologies  ia  toatlng  a  naw  technique  oallad 
EXDEP  (Explosive  Dataction  with  Enargatlc  Photons)  for 
dotacting  axploaivaa.  Tha  taohniqua  usas  an  intanae  x- 
ray  baas  to  photoactivata  tha  nitrogan  in  an  axploaivo. 
Following  tha  activation,  tha  resulting  nitrogan  isotope 
decays  with  a  10-ainuta  half-life  emitting  a  positively 
charged  positron.  Tha  positron  annihilates  producing  two 
511-keV  photons  whioh  are  counted  using  sodium  iodide 
scintillation  detectors. 

EXDEP  works  because  aost  commercial  and  military 
explosives  contain  219%  nitrogan.  Possible  signal 
contaminants  which  also  undergo  photoactivation  generally 
have  short  half-lives  or  reaction  threshold  energies 
above  15  KeV.  Because  the  nitrogen  reaction  threshold  is 
10.6  MeV,  the  signal-to~beckground  can  be  enhanced  by 
tuning  the  accelerator  to  around  14  MeV.  Copper,  zinc 
and  sllve;:  which  also  produce  annihilation  photons  can  be 
distinguished  using  conventional  x-rays  to  determine  the 
higher  metal  density. 

Experiments,  supported  by  the  Defense  Advanced 
Research  Projects  Agency,  have  shown  that  EXDEP  oan 
detect  several  hundred  grams  of  mock  TNT  explosives.  Tha 
experimental  results  agree  with  our  model  calculations, 
and  the  model  has  been  used  to  determine  the  optimum 
accelerator  and  detector  parameters  to  achieve  >99.9% 
detection  probability  with  a  <0.2%  falee  alarm 
probability.  TITAN,  under  Sandia  National  Laboratories 
funding,  is  designing,  constructing,  and  testing  a 
prototype  EXDEP  system  including  the  RF  LXNAC  and 
detector  components. 

The  EXDEP  technique  can  be  used  to  search  for 
unexploded  ordnance  and  terrorist  devices.  It  can  be 
configured  with  a  computer  tomography  x-ray  unit  to 
inspect  luggage  at  airports  or  parcels  at  bulk  mail 
facilities,  A  portable  EXDEP  unit  can  be  used  by  bomb 
squads  to  determine  the  presence  of  explosives  in 
packages  or  confined  spaces. 


*  Sandia  National  laboratories,  Albuquerque,  NM  97195 
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ABSTRACT 

In  an  effort  to  design  energetic  materials  with  improved 
properties,  polyaminopolynitroaromatic  compounds  have  become  the  subject  of 
renewed  investigation.  As  part  of  this  effort  we  have  investigated  the 
fragmentation  processes  of  a  series  of  polynitrobiphenyl-2-amines, 
previously  synthesized,  using  tandem  mass  spectrometry  (MS/MS)  with 
collision  induced  dissociation  (CID).  Major  fragmentations  included  loss 
of  OH  from  the  molecular  ion,  second  loss  of  OH  from  the  (H-OH)+  ion,  loss 
of  NO  and  loss  of  N02.  Fragmentation  processes  ir.  relation  to  molecular 
structure  are  discussed. 

1.  INTRODUCTION 

Although  polyaminopolynitroaromatic  compounds  have  been  used  as 
explosives  for  many  years,  only  recently  have  they  become  the  subject  of 
renewed  interest.  Amino  substitution  has  been  used  as  a  way  of  modifying 
the  properties  of  nitroaromatic  compounds  in  an  effort  to  decrease  the 
impact  sensitivity  (1,2).  As  part  of  this  effort  to  design  energetic 
materials  with  improved  properties,  a  series  of  polynitrobiphenyl-2-amines 
were  synthesized  (3).  It  was  found  that  the  amino  group  can  raise  the 
melting  point  and  density  of  a  nitroaromatic  compound,  because  of  its 
ability  to  undergo  strong  hydrogen  bonding  with  a  neighboring  nitro  group 
and  its  ability  to  strengthen  the  C-NO2  bond  of  an  ortho  or  para  nitro 
group  (3). 
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In  order  to  better  understand  the  mass  spectral  fragmentation 
reactions  and  pathways  of  these  compounds  a  collision  induced  dissociation 
(CID)  study  was  carried  out  using  a  tandem  mass  spectrometer  (MS/MS). 

In  CID,  when  using  magnetic  sector  instruments,  a  beam  of  precursor  ions 
having  translational  kinetic  energies  of  several  keV  collides  with  an  inert 
gas,  which  transforms  some  of  the  translational  energy  of  the  ions  into 
internal  excitation  energy.  Because  of  the  similarity  between  CID  and 
electron  impact  (El)  spectra,  it  is  assumed  that  the  CID  mass  spectrum  is 
related  to  the  precursor  ion  structure  in  the  same  way  as  the  El  mass 
spectrum  is  related  to  the  molecular  structure  (4).  Fragmentation  pathways 
of  several  energetic  compounds  have  been  previously  determined  by  MS/MS  CID 
(5-10). 


Thus,  we  have  studied  the  MS/MS  CID  spectra  of  a  series  of 
polynitrobiphenyl-2-amines  in  order  to  determine  the  fragmentation 
processes  of  these  compounds.  The  investigated  compounds  included 
2' -nitrobiphenyl-2-amine  (1),  2' ,4' ,6'-trinitrobiphenyl-2-amine  (2), 
2' ,3' ,4' ,5-tetranitrobiphenyl-2-amine  (3), 

2' ,3,5.6'-tetranitrobiphenyl-2-amine  (4), 

2' ,4,4' ,6,6'-pentanitrobiphenyl-2-amine  and  (5),  and 
2' ,3,4' ,5, 6' -pentanitrobipheny 1-2-amine  (6) . 


5  6 


4 


8-3 


2.  EXPERIMENTAL 

The  tandem  mass  spectrometer  (MS/MS)  consists  of  two  magnetic 
sector  analyzers  with  a  collision  cell  located  in  the  region  between  the 
two  analyzers.  A  full  description  of  the  instrument  is  given  elsewhere 
(9).  Argon  was  used  as  collision  gas.  The  pressure  of  the  argon  was 
adjusted  so  that  the  precursor  ion  beam  intensity  was  reduced  to  half  of 
its  initial  value. 

The  ionization  mode  was  El  at  70  eV.  The  ion  source  was  operated 
at  a  temperature  of  150-250”C.  Samples  were  introduced  through  the  solid 
probe  inlet,  using  the  in-beam  El  technique  (11,12).  To  obtain  in-beam  El 
spectra,  the  sample  was  loaded  on  the  tip  of  the  modified  solid  probe  (13). 
The  probe  was  not  heated  separately. 

The  synthesis  of  the  investigated  compounds  is  described  in 
Reference  3. 


3.  RESULTS  AND  DISCUSSION 

Table  1  lists  the  abundances  of  the  major  ions  observed  in  the 
CID  spectra  of  the  molecular  ions  as  well  as  of  the  highly  abundant 
fragment  ions.  The  daughter  ion  abundances  are  expressed  as  a  percentage 
of  the  abundance  of  the  largest  daughter  ion.  Six  examples  of  CID  spectra 
are  shown  in  Figures  1-6,  which  depict  the  CID  spectra  of  the  molecular 
ions  of  the  six  investigated  compounds. 

All  six  compounds  are  characterized  by  a  molecular  ion  in  their 
El  mass  spectrum.  Loss  of  OH  from  the  molecular  ion  is  typical  to  all  6 
compounds,  probably  due  to  an  ortho  effect.  Second  loss  of  OH  from  the 
(M-OH)+  ion  occurs  only  in  the  2'-nitro  and  the  2' ,3,4' ,5-tetranitro 
compounds.  These  two  compounds  are  the  only  ones  which  do  not  have  a  nitro 
group  in  the  6'  position,  which  might  be  the  reason  of  the  exclusion  of 
this  process. 

Loss  of  NO  occurs  mainly  after  loss  of  OH.  Only  in  the 
2’ ,3,4' ,5,6'-pentanitro  compound,  does  the  loss  of  NO  occur  after  loss  of 
NOj.  The  losses  of  NO  might  be  a  measure  of  C-NO2  to  C-ONO  rearrangement. 
Isotopic  labeled  compounds  could  give  an  indication  concerning  the  origin 
of  the  NO  loss. 


Loss  of  N02  (or  loss  of  HN02  In  the  2'-nitro  compound)  is  a  major 
loss  in  the  investigated  compounds.  Loss  of  a  second  nitro  group  (either 
simultaneously  with  the  first  one  or  consecutively  after  loss  of  the  first 
one)  is  a  minor  process  in  these  compounds. 

The  results  reported  herein  are  only  preliminary  results.  More 
work  on  CID  of  amino  nitro  biphenyls  has  to  be  carried  out  in  order  to  come 
to  conclusions  regarding  the  stability  of  these  molecules  as  function  of 
amino  and  nitro  groups. 
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MS/MS  CID-m/i  214 
2'  -  NITROBPHENYL-  2-AMINE 


Figure  1.  CID  spectrum  of  the  molecular 
ion  of  2 '-nitrobiphenyl-2-amine. 
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Figure  2.  CID  spectrum  of 

the  molecular  ion  of 

2 ' , 4 ' , 6 '-trinitrobiphenyl-2-amine . 
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Figure  3.  CID  spectrum  of  the  molecular  ion  of 
2', 3, 4'  ,5-tetranitrobiphenyl-2-an;ine. 


Figure  4.  CID  spectrum  of  the  molecular  ion  of 
2’ , 3,5,6' -tetranitrobiphenyl-2-amine. 
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340 
m/z 

Figure  5.  CID  spectrum  of  the  molecular  ion  of 
2' ,4,4' ,6,6'-pentanitrobiphenyl-2-amine. 


Figure  6.  CID  spectrum  of  the  molecular  ion  of 
2' ,3,4' ,5,6,-pentanitrobiphenyl-2-amine. 
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ABSTRACT 

It  is  shown  that  with  the  described  swabbing 
procedures  and  analytical  techniques,  relatively  slight 
skin-contact  with  Semtex  may  be  detected  for  at  least  a 
week  afterwards.  During  this  time  some  secondary  transfer 
may  occur.  Other  common  explosives  are  much  less  strongly 
retained. 


INTRODUCTION 

Previous  work  employing  gas  chromatography  (GC) 
[1]  and  high-performance  liquid  chromatography  (HPLC)  C2J 
techniques  has  demonstrated  that  nitroglycerin  (NG) 
traces  remaining  from  a  contact  with  gelignite  explosives 
may  be  detected  on  the  hands  for  up  to  48  hr  following  the 
initial  contact.  During  this  time  strongly  retained 
metabolites  appear  on  the  skin  surface  in  amounts  finally 
similar  to  the  amount  of  the  remaining  NG.  Apart  from  their 
greatly  increasing  the  specificity  of  a  result,  these 


9-2 


residues  give  an  indication  of  the  time  sin.  contact  with 
an  explosive  [23. 

Eecause  of  the  now  common  association  of  the 
plastic  explosive  Semtex  with  terrorist  activity,  it  seemed 
pertinent  to  extend  the  earlier  work  to  this  material.  The 
explosive  components  of  Semtex  are  PETN  ( pentaerythritol 
tetranitrate)  and  RDX  ( eye lotrimethy lene  trinitramine) ,  the 
individual  persistences  of  which,  from  contact  with 
military  explosives,  have  been  studied  by  Twibell  ejt  al . 
[33.  Their  results  (from  GC,  electron  capture  detection) 
were  that  RDX  could  be  detected  24  hr  after  contact  at  the 
30  ng/swab  level.  None  was  detected  after  48  hr  although  by 
extrapolation  it  was  estimated  that  identifiable  amounts 
should  remain  after  two  to  three  days.  The  behaviour  of 
PETN  was  reported  to  be  similar  to  RDX. 

EXPERIMENTAL 

Explosive 

The  sample  of  Semtex  was  obtained  from  the  Royal 
Armaments  Research  and  Development  Establishment,  U.K.; 
HPLC  analysis  indicated  the  presence  of  RDX  (40%)  and  PETN 
(43%),  For  the  administration  of  controlled  amounts  to 
skin  surfaces  the  explosive  was  dissolved  in  ethyl  acetate. 
Swabs  and  swab  processing 

The  swabbing  material  was  a  non-woven  cotton 
cloth  (Litex-iC,  4*6  cm,  LIC  Hygiene)  [43  wetted  with 
isopropanol  containing  20%  v/v  water.  The  samples  from  the 
hands  were  coDected  by  a  vigorous  scrubbing  of  the  palm 
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and  finger  surfaces  with  the  swabs.  These  were  returned  to 
the  containers  (disposable  polypropylene  centrifuge  tubes) 
in  which  most  of  the  subsequent  processing  was  conducted  by 
already-described  techniques  [5].  Essentially, 
centrifugates  of  the  swabs  were  diluted  with  wate"  and 
extracted  onto  loose  Chromosorb-104  (10  mg).  This  was 
transferred  to  1-mm  i.d.  microcolumns  prepacked  with 
Amberlite  XAD-4  (5  mg),  from  which  the  explosives 
components  were  eluted  in  acetonitrile  :  water 
(23  s  12,  v/v)  at  1  pl/s.  The  35-90  s  fraction  was 
collected. 

Analytical  details 

Small  portions  of  the  microcolumn  eluates  were 
examined  by  reversed-phase  HPLC  with  electrochemical 
reductive  detection  at  a  pendent  mercury  drop  electrode 
(-1.0  V  v£  Ag/AgCl 5  and  -0.7  V  in  the  event  of  an  Initial 
positive  result)  according  to  well-established  procedures 
C&3.  f-or  confirmation  of  their  identities  the  weaker  HPLC 
peaks  of  interest  were  diverted  to  a  65-mm  microcolumn  of 
Chroroosorb-104,  connected  through  a  4-port  valve 
installed  at  the  outlet  of  the  HPLC  column.  The  collected 
peaks  were  eluted  with  ethyl  acetate  >  acetonitrile  (3  i  2, 
v/v)  into  the  20  pi  following  the  void  volume.  These 
eluaces  were  examined  by  capillary  GC  with  Thermal  Energy 
Analyser  (GC/TEA)  detection  under  conditions  similar  to 
published  procedures  C 7 3  excepting  that  the  time  constant 
of  the  TEA  electronics  (Thermo  Electron,  #343  Analyser)  had 
been  reduced  by  the  replacement  of  a  capacitor  in  the 
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circuitry,  and  tha  output  signal  was  smoothed  by  a 

purposely-built  active  filter  [8].  The  pyrolysis  tube 

(Thermo  Electron,  #610  furnace)  was  held  at  850  °C.  The  GC 

column  (5  m,  0.32  mm  i.d.,  SE52)  was  preceded  by  a 

retention  gap  (2  m  of  0.32  mm  i.d.  unmodified  silica 
tubing),  which  enabled  the  injection  of  up  to  4-yl 
samples.  (Hence,  there  was  no  need  to  employ  an  evaporation 
step  in  the  sample  work-up.)  All  the  chromatograms  were 
temperature-programmed  from  60-230  °C  at  25  °C/min,  with  an 
inlet  carrier  gas  (He)  pressure  of  1  Kg/cm3. 

The  reported  quantitative  results  are  from  HPLC 
analyses  calibrated  against  solutions  of  the  standard 
compounds.  Each  set  of  analyses  included  swabs  taken  from 
subjects  who  had  had  no  known  contact  with  explosives. 
None  of  these  swabs  gave  any  response  attributable  to 
explosives. 


RESULTS  AND  DISCUSSION 

The  swabbing  materials  and  procedures  used  were, 
respectively,  the  same  as  those  now  issued  in  kits  and  now 
employed  on  a  routine  basis  in  the  areas  covered  by  all  of 
the  Home  Office  forensic  science  laboratories .  Prepacked, 
prewetted  swabs  are  included  in  the  kits,  which  are  used 
for  both  explosives  and  firearms  residua  traces.  The  used 
kits  are  returned  to  a  central  unit  that  provides  an 
analytical  service  based  on  the  techniques  applied  in  this 
investigation,  with  the  additions  as  needed  of  GC/mass 
spectrometry  and  scanning  electron  microscopy. 
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In  general ,  1  ng/swab  of  an  explosive  is  a  more 
than  adequate  amount  for  its  detection  and  conf irmation .  In 
Figs.  1  and  2  are  chromatograms  from  a  swab  found  to 
contain  RDX,  2.5  ng,  and  PETN,  21  ng.  In  the  HPLC  result 
shown  (Fig.  1)  the  main  peak  is  due  to  an  internal  standard 
(1,3-dinitrobenzene,  10  ng/swab);  but  apart  from  this  and 
the  weakly  retained  material  only  the  explosives  peaks  are 
prominent.  Just  a  small  fraction  of  the  sample  is  required 
for  the  HPLC:  the  RDX  peak  here  corresponds  to  a  50-pg 
amount.  The  remainder  of  the  sample  is  available  to 
confirmatory  techniques,  which  are  restricted  specifically 
to  the  HPLC  effluent  containing  the  compounds  of 
interest.  This  minimizes  the  ambiguity  arising  otherwise 
in  whether  or  not  the  different  techniques  applied  are 
responding  to  the  same  compound.  Also,  very  clean  samples 
are  produced  by  the  trapping  technique,  as  the  GC/TEA 
result  in  Fig.  2  shows. 

Details  of  the  persistence  experiments  conducted 
on  five  male  subjects  are  given  in  Table  1.  The  results 
quoted  are  of  the  quantities  of  explosives  recovered  from 
the  swabs.  No  account  has  been  taken  of  the  swabbing 
efficiency,  processing  losses,  or  the  effects  in  some 
instances  of  the  earlier  swabbings.  Hence,  the  values 
given  are  substantial  underestimates  of  the  amounts 
actually  present.  The  intermediate  amount  applied  to  the 
hands  -  500  pg  of  the  explosive  -  is  of  the  order  of 
the  amount  transferred  when  plastic  explosive  is  handled 
C33 .  Some  cursory  experiments  in  the  present  work  indicated 
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that  if  the  hands  are  washed  immediately  afterwards  not 
more  than  10 %  remains  immediately  retrievable  to  swabbing. 
Even  so,  as  Table  i  shows,  sufficient  remains  to  give  a 
substantial  response  several  days  later.  An  HPLC  result 
obtained  a  week  after  a  500-pg  contamination  is  given  in 


Fig.  3. 

In 

this 

instance 

only  a 

slight  response 

attributable 

to 

PETN 

remained , 

but  as 

the  chromatogram 

shows  there  remained  substantial  amounts  of  RDX. 

Usually  the  RDX  component  tended  to  be  more 
persistent  than  the  PETN  but  the  effect  was  weak.  The 


results  were  dominated 

by 

the 

large 

between-subject 

variation  characteristic 

of 

this 

type 

of 

experiment, 

particularly  when  there 

can 

be 

no  control 

of  the 

mechanisms  responsible  for  the  loss  of  explosives  from  the 
hands  (2).  The  variation  is  particularly  apparent  in  Fig.  4 
where  results  from  Table  i  have  been  plotted  as 
depletion  ratios  at  various  times  after  the  initial 
contamination.  It  is  also  apparent,  however,  that  after 
the  initial  loss  over  the  first  day  almost  a  week  may 
elapse  before  a  similar  further  loss  has  occurred. 

Included  in  Fig.  4  are  the  approximate  depletions 
found  after  24  hr  in  experiments  conducted  on 
TNT-contaminated  hands  and  in  earlier  work  on  N6  (2).  The 
ordering  of  the  depletion  ratios  is  the  reverse  of  the 
volatility  of  the  compounds.  For  NG,  and  the  more  volatile 
explosives  generally,  volatilisation  is  undoubtedly  a  major 
depletion  mechanism}  but  from  the  extreme  persistence  of 
RDX  in  particular  it  seems  that  a  specific  affinity  for  a 
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skin  component  might  be  involved.  Unlike  the  case  of  NG  no 
evidence  has  been  found  in  this  work  of  a  substantial 
accumulation  of  any  metabolic  degradation  product  of  the 
other  explosives  on  the  skin  surface.  Partly  nitrated 
products  from  the  analogous  PETN  as  well  as  from  TNT  t?] 
are  well-known,  and  the  presence  of  significant  amounts  of 
them  should  have  been  detected. 

Some  determinations  were  made  of  the  extent  to 
which  secondary  transfer  of  the  Semtex  components  might 
occur.  The  results,  from  members  of  the  family  of  each 
primary  contact,  are  collected  in  Table  2.  From  three  out 
of  the  seven  possible  recipients  a  positive  result  was 
obtained.  The  amounts  of  explosives  found  were  small,  but 
clearly  more  substantial  amounts  could  be  transferred  from 
a  heavily  contaminated  skin  surface,  or  from  any  other 
heavily  contaminated  source. 

CONCLUSIONS 

A  transfer  to  the  hands  of  microgram  amounts  of 
Semtex  may  result  in  the  presence  of  RDX  and  PETN  in 
detectable  amounts  on  the  hands  for  at  least  as  long  as  a 
week  afterwards.  The  detection  of  traces  of  explosive, 
especially  of  RDX  alone,  is  not  a  necessary  consequence  of 
a  direct  contact  with  Semtex  or  with  a  related  explosive, 
although  a  contact  of  some  kind  -  perhaps  indirect  but 
none  the  less  significant  -  with  an  explosives-containing 
environment  must  have  occurred.  A  sampling  of  possible 
origins  might  be  needed  to  clarify  the  position. 
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Surroundings  containing  heavily  contaminated  items  may  act 
as  a  reservoir  of  skin  contamination  over  a  prolonged  time. 
Even  so,  the  overall  conclusion  remains  that  under  the 
kind  of  circumstances  with  which  this  paper  is  concerned 
Semtex  is  the  most  readily  detected  of  the  high  explosives 
commonly  available  to  terrorism. 
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TABLE  U  Recovery  of  RDX  and  PETN  from  hands  contaminated 
with  Semtex. 


Semtex  contamination 

Sub-  Time 
j  ec  t  <  hr ) 

RDX  found/ng 

Left  Right. 

PETN  found/ng 

Left  Right 

2.5  mg  in  solution 

A 

16 

4710  (total) 

4750  (total) 

to  each  hand. 

43* 

774 

743 

233 

207 

500  pg  in  solution 

B 

64 

98 

91 

49 

52 

to  each  hand  (at 

113  hr,  B's  left 

113* 

16 

30 

nd** 

1.4 

hand,  dry  swab 

used ) . 

161* 

27 

21 

2.2 

nd 

C 

64 

34 

9.1 

3.0 

nd 

161* 

nd 

0.6 

nd 

nd 

Piece  between  palms 

A 

65 

21 

22 

25 

30 

10  i,  hands  immedi- 

ately  washed. 

B 

65 

4.6 

1.9 

nd 

nd 

C 

65 

5.9 

0.6 

1,3 

nd 

30  pg  in  solution 

D 

68 

29 

30 

nd 

nd 

to  each  hand. 

E 

94 

o 

a 

m 

3.6 

1.0 

3.9 

*Reswabbings. 

**nd  *  not  detected. 


TABLE  2s  Secondary  transfer  from  Semtex-contaminated  hands 
(initial  primary  contamination,  ca.  SO  pg/hand). 


Subject 

Time  since 
primary 
contamina¬ 
tion 

(hr) 

Relationship 
of  contact 

Total  recovered , 
hands  of  contact 
(ng) 

RDX  PETN 

A 

75 

Wife 

12 

nd* 

B 

75 

Wife 

nd 

nd 

C 

75 

Wife 

ii 

ii 

0 

68 

Mother 

2.0 

nd 

Sister 

nd 

nd 

E 

94 

Wife 

nd 

nd 

Daughter 

nd 

nd 

•nd  *  not  detected 


FIGURE  1:  HPLC  result  from  a  hand  swab.  The  retention  times 
(s)  arc  superscripted  on  the  peaks.  RDX  and  PETN  are 
apparent  at  142.3  s  and  438.3  s  respectively  (within  0.4%  of 
the  standard  compounds),  with  peak  amplitudes  of  0.24  nA  and 
1.0  nA.  The  peak  at  221.4  s  is  an  internal  standard 
(l,3~dinitrobenzene) .  The  respective  amounts  of  RDX  and  PETN 
found  in  the  swab  are  2.3  ng  and  21  ng.  Approximately  l/30th 
of  the  swab  is  represented  in  the  chromatogram. 


FIGURE  3:  ^.C  result  from  4  hand  swab  taken  7  days  after 
contact  with  Semtex .  RDX  is  present  at  146.7  s  (the 
retention  time  is  within  0.1  s  of  the  standard  compound;  a 
less  aqueous  eluent  was  used  here  relative  to  Fig.  i);  the 
peak  amplitude  is  3.0  nA.  The  peak  is  equivalent  to  an 
amount  of  27  ng  recovered  from  the  swab. 
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ANALYSIS  OF  PORTUGUESE  EXPLOSIVES 

Jos#  Manuel  de  Morals  Anes 
Portuguese  Forensic  Laboratory 


ABSTRACT 


The  Portuguese  explosives  which  are  produced  by  two  factories  near 
Lisbon  -  SPEL  and  ET  -  are  now  being  used  In  criminal  activities  In 
other  countries  (Spain,  France  etc.). 

We  present  a  qualitative  and  quantitative  analysis  of  these  explosives 
(“dynamites",  plastic  etc.).  We  also  give  Information  on  the  morpho¬ 
logical  aspects,  Inscriptions,  mares,  colours,  etc.,  In  order  to  permit 
a  quick  Identification  of  the  non-exploded  Portuguese  explosives. 
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ANALYSIS  OP  THE  EASTERN  BLOC 
EXPLOSIVE  SEMTEX-H 


Raymond  0.  Koto 


Forensic  Science  Laboratory 
National  Laboratory  Center 
Bureau  of  Alcohol,  Tobacco,  and  Firearms 
Rockville,  Maryland  20850,  USA 


ABSTRACT 

Terrorist  use  of  high  explosives  such  as  Semtex-H 
is  a  growing  problem  world  wide.  The  identification  of  an 
explosive  through  its  composition,  and  the  linking  of  similar 
explosives  through  chemical  analysis  are  tasks  for  the  forensic 
chemist.  This  paper  describes  procedures  used  in  the 
instrumental  analysis  of  Semtex-H,  and  possible  "finger-printing* 
techniques  that  could  be  useful  in  linking  samples  of  Semtex-H 
from  different  incidents. 

INTRODUCTION 

Seatex-H  is  an  orange  colored  plastic  high  explosive 
manufactured  in  Czechoslovakia.  It  can  In  considered  as  the 
Eastern  Bloc  equivalent  to  Western  plastic  explosives  such  as  the 
U.S.  military  C-4  and  the  British  PE-4,  in  terms  of  consistency, 
moldability,  and  brisance.  Semtex  has  been  implicated  in  a 
number  of  terrorist  activities  in  recent  years,  including  the 
recent  downing  of  Pan  American  Flight  103  over  Scotland. 


The  identification  of  Semtex  requires  that  the  forensic 
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chemist  have  knowledge  of  the  explosive  compounds  and  other 
components  present.  Occasionally,  he  may  be  asked  to  determine 
whether  two  or  more  suspect  samples  can  be  associated  through 
chemical  analysis.  More  than  one  type  of  Semtex  appear  to  be 
available  to  the  terrorist  at  present.  To  date,  this  laboratory 
has  had  experience  with  an  developed  analytical  techniques  for 
the  Semtex-HH"  variety  only.  This  paper  describes  preliminary 
approaches  we  have  used  to  characterize  this  type  of  Semtex. 

High  Performance  Liquid  Chromatography  (HPLC) : 

Tha  two  high  explosive  components  in  Semtex-H  are 
pentaerythritol  tetranitrate  (PETN)  and  hexahydro-1,3,5 
trinitro-S-triazine  (RDX) .  The  ratio  of  these  explosives  has 
been  found  to  vary,  and  appears  to  fall  into  a  few  broad 
categories  (i.e.,  1:1,  1:3,  2:3,  etc.).  The  determination  of  the 
exact  ratio  can  be  useful  in  associating  a  suspect  sample  with  a 
source.  This  determination  is  readily  performed  by  KPLC,  using 
the  instrumental  parameters  listed  in  Table  1.  (Mote-.  These 
parameters  were  developed  for  a  ten  milligram  sample  of  Semtex-H. 
It  is  advisable  to  use  a  larger  sample,  if  available,  and  dilute 
accordingly  to  increase  the  precision  of  the  method.) 

Approximate 1 y  10  mg  of  Seratex-H  wore  placed  in  a  1-dram 
(3 . 7t\l)  glass  vial  with  1  ml  tetrahydrofuran  (THF)  and  stirred  on 
a  magnetic  stirrer  until  no  solid  particles  remained.  The 
solution  was  transferred  quantitatively  to  a  25  ml  volumetric 
flask  with  a  Pasteur  pipet.  Two  subsequent  .5  ml  THF  rinsings  of 
the  vial  were  also  transferred  to  the  flask  with  the  pipet.  The 
solution  was  then  diluted  to  the  mark  with  acetonitrile.  (The 
solution  developed  a  cloudiness  due  to  the  insolubility  of  the 
non-explosive  components  in  acetonitrile.  These  insolubles  must 
be  removed  to  prevent  clogging  of  the  HPLC  system.)  15 
microliters  of  toluene  (internal  standard)  were  accurately 
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measured  with  a  Hamilton  #802  syringe,  added  to  the  Jlask,  and 
mixed  thoroughly.  A  1  to  2  ml  tJ iquot  was  removed  and  filtered 
through  a  1  micron  Gelman  Acrodisc  membrane  filter  for  HPLC 
analysis. 

Four  standard  solutions  were  prepared  individually  by 
accurately  weighing  portions  of  recrystallized  PETN  and  RDX  and 
dissolving  in  the  same  manner.  The  dilution  volumes  "ere  such 
that  the  final  solutions  contained  approximately  .05,  .1,  .2,  and 
.4  mg  of  each  explosive  per  ml. 

The  chromatogram  (Figure  1)  showed  good  peak  symmetry, 
baseline  resolution,  and  a  total  elution  time  of  less  than  5 
minutes.  Peak  areas  were  computed  on  a  Perkin-Elmer 
Chromatographies  Intelligent  Terminal  Model  3600  data  station. 

The  calibration  curve  (Figure  2)  is  a  plot  of  concentration 
versus  the  ratio  of  the  peak  area  to  the  toluene  peak  area. 

Though  slightly  non-linear,  the  curves  were  reproducible  and  were 
used  as-is.  (In  subsequent  work,  we  may  attempt  to  identify  the 
cause  of  this  curvature  and  correct  it.) 

The  relative  standard  deviation  for  the  determination  of 
PETN  and  KDX  in  five  replicate  10  mg  samples  of  Semtex-H  was 
*/-  4%.  The  magnitude  of  this  number  may  be  associated  with  the 
limited  sample  size  used  and  the  degree  of  inhomogeneity  in  each 
sample.  A  larger  sample  size  would  tend  to  minimize 
compositional  variations  and  lead  to  a  smaller  relative  standard 
deviation. 

Gel  Permeation  Chromatoqraphy/Fourier  Transform  Infrared 
Spectroscopy  (GPC/FTIR): 

Gel  permeation  chromatography  (size  exclusion 
chromatography)  was  investigated  as  a  means  of  separating  other 
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components  present  in  Semtex-H.  The  GPC  operating  parameters  are 
listed  in  Table  2.  Figure  3  shows  the  gel  permeation 
chromatogram.  The  total  exclusion  volume  for  this  system  occurs 
at  about  5  minutes;  the  entire  sample  elutes  between  this  point 
and  the  total  permeation  volume  (approximately  10  min.).  The 
numbered  peaks  were  collected  in  separate  vials  for  subsequent 
identification  by  Fourier  transform  infrared  spectroscopy. 

Samples  were  prepared  for  FTIR  examination  by  allowing  a  few 
drops  of  each  fraction  to  evaporate  on  a  KRS-5  window  (Wilks 
#6012).  The  non-volatile  residues  were  analyzed  by  transmission 
on  a  Digilab  UMA-300  microscope  attached  to  a  Digilab  FTS-40 
F.T.I.R.  spectrometer. 

Peak  1  (Figure  4)  was  identified  as  a  styrene-butadiene 
copolymer.  This  is  the  binder  in  Semtex-H.  The  relative 
intensities  for  the  styrene  and  butadiene  absorptions  indicate  a 
low  (less  than  50%)  styrene-to-butadiene  ratio.  This  material 
elutes  at  the  total  exclusion  volume  for  the  100  A  column. 
Separation  on  a  larger  pore  column  (Waters  Associates  linear 
mixed  bed)  showed  a  molecular  weight  distribution  centered  at 
approximately  150,000  daltons. 

Peak  2  (Figure  5)  was  identified  as  dilauryl  thiodipropio- 
nate,  an  antioxidant  having  a  molecular  weight  of  517.  Peak  3 
(Figure  6)  and  Peak  4  (Figure  7)  were  identified  as  the  two 
explosives  PETN  ^molecular  weight  316)  and  RDX  (molecular  weight 
222),  respectively.  (Figure  7  shows  some  contamination  of  the 
RDX  by  the  PETN  due  to  an  uncalibrated  "delay"  volume  between  the 
detector  and  the  collection  point.  This  carry-over  did  not 
compromise  the  identification  of  the  RDX) . 

Because  it  contains  a  highly  resolved  separation  pattern  for 
both  explosives  and  two  other  major  ingredients,  the  gel 
permeation  chromatogram  could  be  an  excellent  "fingerprint"  of 
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the  particular  lot  of  Semtex-H  being  examined.  Given  appropriate 
standards,  this  method  could  be  used  to  quantify  all  four 
components,  giving  more  information  with  less  sample  preparation 
than  with  the  HPLC  technique  previously  discussed. 

Thin-Layer  Chromatography: 

The  orange  colorant  in  Semtex-H  is  Sudan-Z  (Color  Index 
1205S ,  Solvent  Yellow  14).  It  is  a  common  colorant  for  oils, 
fats,  waxes,  shoe  and  floor  polishes,  candles,  styrene  resins, 
and  soap,  and  dissolves  in  a  variety  of  organic  solvents 
including  alcohol,  acetone,  ethyl  acetate,  toluene,  and  pyridine. 


SUDAN  -  I 
M.W.  248 


Thin  layer  chromatography  of  Sudan- I  can  be  performed  on 
silica  (E.  Merck  HPTLC )  using  a  mobile  phase  of  either  chloroform 
or  hexane/ethyl  acetate  9:1.  It  is  identified  by  its  color  and 
retention  relative  to  a  known  sample  of  Sudan-I. 

Gas  Chromatography  (G.C. ) : 

An  aliphatic  oil  fraction,  evident  by  the  FTIR  spectrum  in 
Figure  8,  was  extracted  from  Semtex-H  with  hexane.  This  frartion 
was  analyzed  by  gas  chromatography  using  the  instrumental 
parameters  listed  in  Table  3.  The  resulting  chromatogram  t  ->we . 
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a  hydrocarbon  distribution  similar  to  that  for  a  10W-40 
multiviscosity  motor  oil  (Figure  9).  The  sharp  peaks  that  are 
superimposed  on  the  chromatogram  (at  approximately  3.7,  8.8,  and 
11.3  minutes)  have  not  been  further  characterized.  Their 
presence  and  relative  heights,  as  well  as  the  appearance  of  the 
rest  of  the  G.C.  pattern,  may  provide  yet  another  means  of 
linking  suspect  samples  of  Semtex-H. 

Determination  of  RDX  Type: 

There  are  two  types  of  technical  grade  RDX  specified  in  the 
United  States,  depending  on  the  method  of  manufacture.  Type  A 
is  pure  RDX,  i-.nd  is  manufactured  by  the  nitration  of  hexamine. 
Type  B  contains  an  impurity  of  8  to  12  percent  HMX 
(Octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine) ,  along  with  a 
few  other  side  products,  and  is  manufactured  by  the  acetic 
anhydride  or  Bachman  process  (1).  The  HPLC  method  listed  in 
Table  4  was  used  to  discern  small  amounts  of  HMX  in  the  presence 
of  RDX.  The  8  to  12  percent  HMX  present  in  the  U.S.  plastic 
explosive  C-4  was  easily  detected  by  this  method.  No  HMX  was 
found  in  the  few  Semtex-H  samples  analyzed  to  date. 

Conclusions: 


To  date  the  ATF  Laboratory  has  identified  the  following 
ingredients  in  Semtex-K: 

Explosives  «  PETN  )  In  varying 

RDX  )  ratios 

Polymer  binder  *  Styrene-Butadiene  Rubber 

1.  Encyclopedia  of  Explosives  and  Related  Items.  Vol.  3,  pp. 
C611-C624,  Picatinny  Arsenal,  Dover,  Delaware,  USA,  1966 
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Additives 


Hydrocarbon  Oil 

Antioxidant  3  Dilauryl  Thiodipropionate 

Colorant  *  Sudan-1 

Zn  addition,  several  chromatographic  techniques  that  show 
potential  for  lot  identification  have  been  developed.  These 
include  HPLC  for  PETN/RDX  ratio:  GJ?C  for  relative  amounts  of 
binder,  preservative,  and  both  explosives;  and  G.C.  for 
hydrocarbon  oil  characterization.  Further  work  would  have  to  be 
done  on  known  samples  of  Semtex-H  to  establish  the  validity  of 
lot  determination  based  on  these  techniques. 


11-8 


TABLE  1 


HPLC  SEPARATION  PARAMETERS 


Punp 

Injector 

Column 

Eluant 
Flow  rate 
Detector 
Sample 

Internal  Std. 


Water*  Associate#  M-600A 

Waters  Associates  06K 

Waters  Associates  Radial  Compression 
C-18,  8mm  x  ICem,  4  micron  particle  size 

70  CHjCN  /  30  HjO 

1.0  ML. /Min. 

Schoeffel  Model  770  8  210  nM 
15  micro-liters  @  0.5  mg  SEMTEX  /  isl 
Toluene  %  0.6  micro-liters/ml 
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TABLE  2 


Column 

Eluant 

Detector 


SIZE  -  EXCLUSION  CHROMATOGRAPHY 

Waters  Associates  Ultrastyragel 
100°  A  Pore  Size 
THF  %  1.0  ml/min 

W»tera  Associates  R401  Refractive 
Index 
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Instrument 

Column 

Carrier 

Program 

Injector 

Detector 


TABLE  3 


GAS  CHROMATOGRAPHIC  CONDITIONS 


Perkin-Elmer  Sigma  1-B 

Quadrex  High-Temperature 
Al-Clad  Capillary  15M  x  .25  MM 
("400”  Methyl  Silicone) 

He  9  25  PSIG 

o  o  o 

100  c  to  350  c  9  20  /Min 

Modified  for  Capillary 
o 

350  c 

o 

F.I.De  e  350  c 
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Column 

Eluant 
FLow  rate 


TABLE  4 

CHARACTERIZATION  OF  RDX  BY  HPLC 

Supelco  LC-CN  (cyanopropyl  banded  phase), 
4.6  mm  x  7.5  cm,  3  micron  particle  size 

50  CH2CL2  /  50  isooctane,  by  vol. 

2.0  ml /min 

Thermo-Electron  Corporation  TEA  Model  510 
1.0  microliter  CH2CL2  extract 
PETN,  RDX  <  5  min;  HKX  @  10  min 


Detector  : 

Sample 

Elution  times 


FIGURE 


3 


1W/0VH 


FIGURE 


figur 


FIGURE 


FIGURE 


•j>rmiM6NY>u 


SEMTEX  HEXANE  EXTRACT 


•  4 


XMVilXHBfAU  * 


FIGURE 
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ANALYSIS  OF  REACTION  PRODUCTS 
OF  PROPELLANTS  AND  HIGH  EXPLOSIVES 

F.  Volk 

Fraunhofer-Institut  fUr  Chemische 
Technology,  ICT,  7507  Pfinztal,  FRG 

ABSTRACT 

The  reaction  products  of  propellants  and  high  explosives  are 
dependent  on  the  pressure  and  therefore  also  on  the  confine¬ 
ment  under  which  the  combustion  or  detonation  reaction  pro¬ 
ceeds.  In  order  to  evaluate  this  influence,  different  pro¬ 
pellants  were  burned  under  atmospheric  pressure  and  heavily 
confined  in  a  closed  vessel. 

In  addition  high  explosives  containing  TNT  were  initiated  in 
an  evacuated  metal  containment  and  under  atmospheric  pressure 
of  argon.  In  all  cases,  the  products  were  analysed  to  find 
out  the  completeness  of  the  combustion  and  detonation  reac¬ 
tion.  The  gaseous  products  were  analysed  by  mass  spectrometry 
and  gas-chromatography,  the  residues  by  CHN-analysis  and  by 
high  performance  liquid  chromatography.  The  combustion  of 
propellants  at  atmosoheric  pressure  formed  uncomplete  reac¬ 
tion  gases  with  a  high  content  cf  NO. 

The  investigation  of  the  detonation  products  of  unconfined 
high  explosives  has  shown  that  unreacted  TNT  could  be 
analysed  in  the  solid  residue,  when  the  initiating  booster 
was  not  optimized. 

1  INTRODUCTION 

The  knowledge  of  the  reaction  products  of  combustion  and 
detonation  processes  is  important  for  different  reasons: 

a)  to  learn  more  in  the  field  of  the  reaction  kinetics  or  of 
equilibrium  or  non-equilibrium  burning 


****** 
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b)  to  study  the  heat  output 

c)  to  evaluate  the  completeness  of  reactions  and  to  find  out 
,T  components  of  the  original  propellant  or  high  explosive 
can  be  analysed  in  the  residue. 

d)  In  connection  with  the  disposal  of  energetic  materials,  it 
is  also  of  interest,  if  the  combustion  leads  bo  toxic  or 
cancerogenic  reaction  products. 

The  last  point  i3  of  main  interest  for  the  disposal  of  ammu¬ 
nition,  whereas  in  the  case  of  c)  the  analysis  of  explosive 
residue  allows  us  to  find  out  the  kind  of  explosive  which  was 
used  by  terrorists. 

2  AIM 

It  is  the  aim  of  this  investigation  to  analyse  the  reaction 
products  of  some  propellants  with  different  heats  of  explo¬ 
sion.  In  each  case  the  combustion  reaction  was  started  under 
a  different  confinements  a)  low  pressure  resp.  unconfined, 
b)  heavily  confined  which  leads  to  a  high  combustion 
pressure. 

When  high  explosives  were  investigated,  a  containment  of 
steel  was  used,  which  could  be  evacuated.  So  it  was  possible 
to  analyse  the  detonation  products  formed  under  vacuum  or 
under  a  different  pressurization.  Additonally,  the  influence 
of  different  initiating  booster  explosives  on  the  complete¬ 
ness  of  the  detonation  reaction  could  be  analysed. 

3  COMBUSTION  EXPERIMENTS 

3.1  Combustion  of  ambient  pressure 

For  the  low  pressure  experiments  a  1,5  1  glass  vessel  was 
used  in  which  air  could  be  replaced  by  argon  by  evacuation. 
About  1  g  of  the  propellant  was  igi  ted  using  a  filament 
igniter.  After  the  combustion,  the  products  gas  were  analysed 
by  mass  spectrometry. 
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Typical  reaction  gases  consist  of: 

H*,  N2 ,  CO,  CO,,  NO,  M,0,  HCN,  H20  and  CH„  with  small  amounts 
of  NH,,  CjH,,  and  C2H2.  Usually  solid  reaction  products  3uch 
as  carbon  were  formed. 

3.2  Combustion  in  Confinement 

For  the  combustion  in  confinement,  a  high  pressure  vessel  wa3 
used  in  which  al.'o  the  heat  of  combustion  of  substances  could 
be  aeasurtd,  when  placed  into  a  calorimeter.  The  volume  of 
the  calorimetric  co-ab  was  25  cm*.  Up  to  2,5  g  of  the  pro¬ 
pellant  were  ignited,  also  by  using  a  filament.  Because  of 
the  heavily  confined  reaction,  in  all  cases  an  equilibrium 
burning  takes  place,  which  produced  gases  such  as  H2,  N2 ,  CO, 
C02 ,  H20  and  CH„.  Carbon  was  formed  in  high  pressure  vessel 
only  when  propellants  were  burned  with  a  very  negative  oxygen 
balance . 

The  above  mentioned  gases  with  the  exception  of  H20  could  be 
analysed  by  gas-chromatography. 

3.3  Propellants  investigated 

For  measuring  the  combustion  products,  the  following 
propellants  were  taken  into  consideration: 

a)  Black  Powder  (75  ?  KN0j/15  t  Charcoal,  10  *  Sulfur) 

b)  A  gun  propellant  with  a  low  heat  of  explosion:  Single 
base  gun  propellant  A  5020 

c)  A  gun  propellant  with  a  high  heat  of  explosion:  Double 
base  propellant  H  51 8 

H  DETONATION  EXPERIMENTS 

The  detonation  experiments  were  carried  out  in  a  containment 
of  stainless  steel  with  a  volume  of  1,5  m*,  which  could  be 
evacuated  in  order  to  detonate  under  vacuum  or-  to  replace  air 
by  an  inert  gaseous  atmosphere  such  as  argon. 


1 2-4 


Cylindrical  high  explosive  charges  of  about  300  g  were  used. 
The  high  explosive  was  initiated  by  a  detonator  cap  No.  8 
together  with  an  P.DX  booster  of  10  g. 

In  order  to  determine  the  influence  of  the  booster  strength 
on  the  completeness  of  the  reaction,  in  some  cases  an  addi¬ 
tional  booster  was  used  (18  g)  having  the  same  diameter  as 
the  main  explosive  charge  (50  mm).  After  the  detonation,  gas 
samples  were  taken  for  the  mass  spectrometric  analysis.  In 
addition,  the  solid  residue  was  collected  to  analyse  it  for 
the  CHN-content  and  for  unreacted  explosive  components  such 
as  TNT. 

Two  different  kinds  of  experiments  have  been  conducted: 

-  Measuring  the  influence  of  the  initiation  strength  on  the 
completeness  of  the  detonation  reaction 

-  Measuring  the  pressurization  on  the  detonation  products. 

Jt.l  High  Explosives  investigated  for  measuring  the 
initiation  strength  on  the  completeness  of  the 
detonation  reaction 

The  following  high  explosives  were  investigated: 

a)  Compound  B  and 

Cast  high  explosive  charges  consisting  of 

b)  60  %  TNT/*10  %  Nitroguanidine  (NQ) 

c)  50  %  TNT/30  %  Nitroguanidine/20  %  Mg 

d)  50  %  TNT/50  %  Ammoniuranitrate  (AN) 

e)  60  %  TNT/^O  %  Nitroguanidine  (NQ) 

f)  50  %  TNT/50  *  Nitroguanidine  (NQ) 

g)  50  %  TNT/50  %  Triaminotrinitrobenzene  (TATB) 
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4.2  High  Explosives  investigated  for  measuring  the 

influence  of  prepressurization  on  the  detonation 
products 

The  influence  of  prepressurization  was  tested  by  the 
initiation  of  unconfined  charges  in: 

-  Vacuum 

-  in  0,5  bar  argon  and 

-  1,0  bar  argon 

Additionally,  three  charges  of  the  same  size  and  the  same 
composition,  but  in  a  glass  confinement  with  a  thickness  of 
9  mm  were  investigated  under  the  same  conditions. 

For  all  these  tests,  the  composition  of  the  explosive  charges 
was  as  follows: 

45  %  TNT/55  %  Nitroguanidine  (NQ) 

5  RESULTS 

5.1  Combustion  Processes 

5.1.1  Black  Powder 

The  black  powder,  which  has  been  tested,  consisted  of: 

-  75  %  potassium  nitrate  (KNO,) 

-  15  %  charcoal  (79  %) 

-  10  %  sulfur 

The  heat  of  explosion  of  this  type  of  black  powder  was  about 
2850  kJ/kg.  A  mass  of  2,5  g  of  black  powder  was  burned  in  the 
closed  bomb.  The  reaction  gas  was  analysed  by  using  a  double 
focusing  mass  spectrometer  of  Varion  MAT. 

Black  powder  burns  basically  according  to  the  following 
empirical  formula  /I/. 
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16  KNO,  +  21  C  ♦  5  S**5  K2C0,  ♦  K2S0„  +  2  K2S2  ►  13  C02  + 

3  CO  ♦  8  Nj 

About  43  wt.  %  of  gases  and  57  wt.  <  of  condensed  reaction 
products  are  developed  during  this  burning  process.  Depending 
on  the  development  of  the  burning  and  on  test  conditions,  the 
following  reactions  will  take  place  in  a  more  or  less  com¬ 
plete  form: 

K2C0,  ♦  H2Sv^K2S  +  H20  +  C02 ;  AH  -  +62.8  kJ 

2  H2S  +  2  K2C0,k=*  KjSO^  +  K2S  +  CH„  +  C02;  AH  -  +  7.1  kJ 

An  incomplete  equilibrium  will  have  no  strong  effect  on  the 
heat  balance  because  of  the  low  reaction  enthalpy,  however, 
it  gives  rise  to  a  change  of  the  reaction  products. 

The  composition  of  the  reaction  products  without  H20  may  be 
seen  from  Table  1 .  The  first  column  contains  the  result  of  a 
very  low  loading  density  25  g/1.  The  next  three  columns  are 
the  result  of  the  higher  loading  densities  100  g/1,  200  g/1 
and  300  g/1. 

As  the  most  important  result  of  our  investigation  it  should 
be  stressed  that  between  loading  density  100  g/1  and  300  g/1 
the  burning  of  the  black  powder  is  almost  independent  on  the 
loading  density.  In  contrast  with  this  result,  however,  it  is 
found  that  in  the  lower  range  of  loading  densities  (25  g/1) 
the  composition  of  gas  is  different  from  the  higher  range  of 
loading  densities. 

With  regard  to  the  solid  residue,  the  formation  of  solid 
products  such  as  potassium  carbonate,  potassium  sulfate  and 
potassium  3ulfide  is  characteristic  for  black  powder. 


5.1.2  Gun  Propellant  A  5020 


The  gun  propellant  A  5020,  which  exhibits  a  heat  of  explosion 
of  about  3584  kJ/kg  and  an  oxygen  balance  of  -42,2  g  0,/100  g 
propellant  was  tested  under  a  very  low  loading  density  which 
was  0.33  g/1.  The  propellant  was  burned  in  glass  vessel  of 
1,5  1,  containing  argon  as  an  inert  gas. 

In  addition,  the  same  propellant  was  ignited  in  a  stainless 
steel  vessel  of  only  25  cm*  burning  volume.  By  using  2.5  g  of 
the  propellant,  the  loading  density  was  0,1  g/cm*  or  100  g/1. 
The  results  of  both  tests  may  be  seen  in  Table  2.  For  the 
loading  densities  mentioned  very  different  reaction  gases 
were  formed:  Very  large  amounts  of  nitric  oxide  (NO)  in  the 
lower  range  and  nearly  no  nitric  oxide  in  the  higher  loading 
density.  The  different  gases  are  responsible  for  the 
different  heat  outputs  (Qex  »  heat  of  explosion). 

As  we  see,  the  reaction  gases  at  the  loading  density  of 
100  g/1  agree  very  well  with  the  equilibrium  gases,  which 
were  thermodynamically  calculated  /2/  using  the  ICT-computer- 
programm. 

The  formation  of  carbon  was  only  seen  by  burning  the  pro¬ 
pellant  in  the  lower  pressure  range.  But  there  was  no  other 
residue  which  could  be  characteristic  for  detection  of  the 
original  propellant. 

5.1.3  Gun  Propellant  H  518 

The  gun  propellant  H  518,  which  contains  a  high  amount  of 
nitroglycerine,  exhibits  a  very  high  heat  of  explosion  of 
5132  kJ/kg.  The  oxygen  balance  is  -22,5  g  02/100  g  propel¬ 
lant.  It  was  tested  under  the  same  conditions  as  A  5020.  At 
first  it  was  burned  in  an  argon  atmosphere  of  about  1  bar; 
secondly  heavily  confined  in  a  closed  bomb,  see  the  results 
in  Table  3. 
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Compared  with  tne  cooler  propellant  A  5020,  the  nitric  oxide 
content  of  the  low  pressure  burning  experiment  is  clearly 
higher:  19,3  mol  %.  But  the  carbon  formation  is  lower  because 
of  the  higher  oxygen  content.  On  the  other  hand,  the  com¬ 
bustion  in  the  closed  bomb  leads  to  high  contents  of  COi  and 
HjO;  both  values  are  responsible  for  the  very  high  heat  of 
explosion  of  the  propellant  H  518.  It  is  understandable  that 
no  solid  residue  has  been  formed. 

5.2  Detonation  Processes 

The  first  part  of  these  investigations  has  the  objective  to 
determine  the  influence  of  the  initiation  strength  on  the 
effectivity  of  the  detonation  reaction.  This  means,  it  should 
be  found  out  if  it  is  possible  to  analyse  explosive  compo¬ 
nents  in  the  detonation  residue  under  the  precondition  that 
the  initiating  booster  was  too  small  or  not  optimized. 

The  second  part  has  to  examine  what  kind  of  influence  on  the 
reaction  products  of  TNT  containing  high  explosives  will 
cause  a  detonation  in  vacuum,  in  argon  atmosphere  or  if  the 
explosive  is  confined  in  a  glass  tube. 

5.2.1  Influence  of  Initiation  Strength 

For  all  the  experiments  described,  we  used  high  explosive 
charges  of  about  300  g  with  50  ram  in  diameter  and  80  to  30  mm 
in  length.  For  the  initiation  different  boosters  were  used: 

1)  A  booster  with  a  low  initiation  strength  which  consisted 
of  10  g  RDX  (Type  I).  The  cylindrical  shape  of  these 
booster  had  a  diameter  of  about  20  mm  and  a  length  of 
about  20  mm. 

In  thia  connection  it  should  be  pointed  out  that  the 
diameter  of  the  RDX-booster  is  much  smaller  than  the 
diameter  of  the  explosive  charge,  see  Fig.  1. 
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2)  The  second  booster  type  consisted  on  18  g  explosive  sheets 
(type  II)  with  the  same  diameter  as  the  main  charge  ex¬ 
plosive.  We  expect  that  the  increased  initiation  strength 
of  both  types  of  boosters  gives  rise  to  a  more  complete 
detonation  reaction  with  the  result  that  no  more  explosive 
components  can  be  identified  in  the  post-bla3t  residue, 
see  Fig.  2. 

The  results  of  the  examination  of  the  initiation  strength  of 
the  two  different  boosters  may  be  seen  from  the  following 
table.  In  the  post-blast  residues,  which  contain  a  large 
amount  of  carbon,  TNT  was  determined  quantitatively  by  High 
Performance  Liquid  Chromatography  (HPLC). 

Initiating  Booster  High  Explosive  TNT  in 

Charge  Residue 

wt.  % 

Type  I  Type  II 

10  g  RDX  18  g  Expl. Sheets 


a) 

♦ 

40  *  TNT/60  t 
(Compound  B) 

RDX 

b) 

♦ 

60  %  TNT/40  % 

NQ 

1.5 

c) 

♦ 

50  %  TNT/30  % 

NQ/20  i  Mg 

6,0 

d) 

+ 

- 

50  %  TNT/50  % 

AN 

2,0 

e) 

•f 

60  %  TNT/40  % 

NQ 

- 

f) 

♦ 

♦ 

50  %  TNT/50  % 

NQ 

- 

g) 

+ 

■f 

50  %  TNT/50  % 

TATB 

- 

In  this  table  it  is  shown  that  compound  B,  which  is  much  more 
easily  to  initiate,  reacts  completely  by  using  the  booster 
type  I  alone. In  contrast  to  this,  nitroguanidine  (NQ)  and 
ammonium  nitrate  (AN)  containing  high  explosive  charges, 
which  need  a  higher  initiation  strength,  leave  unreacted  TNT. 
The  same  holds  for  the  charge  containing  additionally  magne¬ 
sium  (Mg).  On  the  other  3ide,  a  complete  detonation  reaction 
is  shown  by  using  both  types  of  boosters:  no  TNT  could  by 
analysed. 
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5.2.2  Influence  of  Ambient  Gas  on  the  Detonation  Products 

When  detonating  high  explosives  in  different  atmospheric 
conditions,  it  is  of  interest  to  know  if  the  energy  output 
will  change.  In  order  to  investigate  this  behavior,  v;e  ana¬ 
lysed  the  reaction  products  of  explosive  charges  consisting 
of  45  %  TNT  and  55  %  Nitroguanidi ne  ( NQ )  initiated  in 
different  pressures  of  argon  and  in  vacuum.  Argon  was  used  as 
ar.  inert  gas  to  avoid  a  reaction  of  the  detonation  products 
with  air.  The  results  of  the  unconfined  charges  are  recorded 
in  Table 

From  Table  5  we  see  that  the  detonation  products  change  very 
clearly  going  from  vacuum  to  1,0  bar  of  argon  (0,1  MPa).  The 
content  of  H2  and  CO  decrease,  whereas  C02,  H2C  and  carbon 
increase.  The  heat  of  detonation  increase  in  the  same  direc¬ 
tion.  This  means  that  a  detonation  under  a  pressure  of  1  bar 
is  much  more  powerfullo  than  in  vacuum  or  at  low  pressures. 

In  order  to  evaluate  the  influence  of  a  confinement,  three 
charges  of  the  same  composition  and  the  same  weight  were  cast 
into  glass  tubes  of  9  mm  wall  thickness.  The  results  are 
listed  in  Table  6. 

It  is  shown  that  the  glass  confined  charge  exhibits  very 
different  products  from  the  unconfined  charge  if  we  compare 
the  vacuum  shots.  The  confined  charge  produces  in  vacuum 
nearly  the  same  reaction  products  as  the  unconfined  explosive 
charge  at  0.5  and  1,0  bar  argon.  The  same  holds  also  for  the 
enthalpy  of  detonation.  The  conclusion  which  can  be  drawn 
from  these  experiments  is  that  ambient  argon  behaves  as  a 
confinement. 
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6  CONCLUSION 

Black  powder  and  two  gun  propellants  with  different  heats  of 
explosion  were  burned  under  different  pressures.  Only  black 
powder  produces  solid  reaction  products  which  can  be  used  for 
the  identification  of  the  propellant. 

The  initiation  of  high  explosives  with  different  boosters  has 
shown  that  components  of  the  origin  explosive  charges  could 
be  analysed  in  the  post-blast  residue,  when  the  initiating 
booster  was  not  optimized. 

The  Influence  of  an  ambient  atmosphere  and  of  confinement 
could  be  demonstrated  by  examining  the  reaction  products  in 
vacuum,  under  0,5  bar  and  1,0  bar  argon.  It  was  found  that 
1,0  bar  argon  behaves  as  a  confinement. 
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Table  1 :  Reaction  Products 


Load  Density 

25 

g/1 

Combustion 

Closed 

Condition 

Vessel 

Products 

in  Vol  % 

H, 

0,7 

N, 

32,9 

CO 

M 

CO* 

52,  4 

H*S 

8.2 

SO* 

0,1 

COS 

1,1 

cs* 

0,04 

CH, 

0,04 

Residue  analysis 
in  wt. 


C 

not 

analysed 

X*S  ♦  Others 


of  Black  Powder 


100  200  300 


Closed  Closed  Closed 

Vessel  Vessel  Vessel 


3.5 

2,9 

^.1 

27,7 

30.7 

28,9 

10,6 

10,2 

9,2 

52,5 

50,4 

53,3 

5,5 

5,9 

5,6 

0,1 

0.1 

0.1 

0,2 

0,2 

0,2 

- 

3,6 

3,6 

3,5 

56,6 

56,1 

54,5 

16,5 

17,4 

17,1 

23,3 

22,9 

24,9 
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Table  2:  Reaction  products  of  Single  Base  Gun  Propellant 
:  A  5020 

J 


TLP  A  5020 

Experiment 

Calculation 
without  Including 

CH4  CH4 

02-Balance  [%] 

-42.2 

-42.2 

-42.2 

-42.2 

Load.  Density  [g/1] 

0.33 

100 

100 

100 

Comb.  Condition 

1  bar 

Closed 

Vessel 

- 

- 

Products  [Mol  %] 

H2 

1.8 

18.4 

19.2 

15.8 

CH4 

0.6 

0.1 

- 

2.1 

CO 

17.0 

42.7 

42.4 

40.2 

C02 

7.0 

12.6 

12.5 

14.7 

N2 

4.4 

10.1 

10.4 

10.9 

N20 

- 

- 

- 

- 

NO 

11.1 

- 

0.0018*) 

- 

HCN 

0.2 

- 

0.013 

0.01 

C2H4 

- 

- 

- 

- 

NH3 

- 

0.85 

0.14 

0.10 

H20 

30.3 

15.2 

15.4 

16.2 

C  s 

27.6 

- 

- 

- 

Q«x  [J/'g] 

2696 

3360 

3472 

3679 

Kp  (T) 

40.88 

2.799 

2.72 

2.80 

*)  (N0)x  -  Analyzer 


I 

i 


I 
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Table  3:  Reaction  Products  of  Double  Base  Gun  Propellant 
H  518 


TLP  H518 

Experiment 

Calculation 

02-Balance  [%] 

-22.5 

-22.5 

-22.5 

Load.  Density  [g/1] 

0.33 

100 

100 

Comb.  Condition 

1  bar 

Closed 

• 

Vessel 

Products  [Hoi  %] 


H2 

1.9 

10.2 

10.0 

CH4 

0.4 

- 

0.2 

CO 

22.5 

28.5  ^ 

50.8 

Z6 .9  — 

50 

C02 

6.3 

22.3^ 

23.9"" 

N2 

3.4 

14.4 

14.6 

N20 

- 

- 

- 

NO 

19.3 

0.09 

- 

HCN 

0.6 

0.03 

0.002 

C2H4 

- 

- 

- 

NH3 

- 

- 

0.05 

N20 

28.8 

24.4 

24.4 

C  s 

16.8 

- 

- 

Qex  [J/g] 

2548 

5044 

5219 

Kp  (T) 

54.1 

3.06 

2.75 

Table  4:  Detonation  Products  or  the  Unconfined  Charges  of 
45  %  TNT/55  %  NQ 


TABLE  4:  CHARGES  OF  45%  TNT  /  55%  NQ 

IN  DIFFERENT  AR  PRESSURES 

Sample  No. 

1450/lc 

1450/2C 

1450/3C 

Ar  pressure,  Hpa 

Vac. 

0.05 

0.1 

Composition 

45%  TNT/  55%  NQ 

02-Balance,  % 

-47.6 

Charge  Weight,  g 

331 

332 

331 

A  Hf ,  KJ/Kg 

-661 

-662 

-657 

Products,  No1%:  H2 

20.7 

8.3 

5.0 

CH4 

0.04 

0.1 

0.24 

CO 

32.1 

17.9 

14.3 

C02 

3.7 

7.9 

10.3 

N2 

27.5 

26.1 

25.6 

NO 

0.1 

0.1 

0.13 

HCN 

0.3 

3.2 

3.6 

NH3 

0.5 

3.0 

4.9 

C2H2 

0.02 

0.03 

0.1 

H20 

10.7 

19.6 

20.0 

cs 

4.4 

13.8 

15.9 

4  «d#t,  KJ/Kg 

2999 

3653 

3763 

C  In  Residue 
[%  of  total  C] 

10.8 

32.2 

35.7 

Gas  formation 
t mol /Kg] 

44.5 

37.9 

35.7 

Detonation  Products  of  the  Glass  Confined  Charges 
of  45  %  TNT/55  %  NQ  in  Different  Argon  Pressures 
and  in  Vacuum 


TABLE  5:  CHARGES  OF  45%  TUT  /  55%  NQ  IN  GLASS 

CONFINEMENT  AND  DIFFERENT  AR  PRESSURES 

Staple  No. 

1451/1 

1451/2 

1451/3 

Ar  pressure,  Npa 

Vac. 

0.05 

0.1 

Composition 

45%  TNT/  55%  NQ 

02-Balance,  % 

-47.6 

Charge  Weight, 

9 

332 

335 

332 

41  Hf,  KJ/Kg 

-656 

-658 

-658 

Products,  No1%; 

H2 

8.7 

4.2 

3.1 

CH4 

0.2 

0.4 

0.44 

CO 

15.9 

10.2 

9.3 

C02 

7.9 

11.9 

12.7 

N2 

27.3 

26.0 

25.6 

NO 

0.06 

0.05 

0.14 

HCN 

1.35 

2.4 

1.1 

NH3 

1.15 

4.7 

5.3 

C2H2 

0.07 

0.1 

0.13 

H20 

20.5 

20.7 

21.0 

Cs 

16.8 

19.2 

21.3 

4  Hdet,  KJ/Kg 

3779 

3960 

4003 

C  In  Residue 
[%  of  total  C] 

39.8 

43.3 

47.2 

Gas  formation 
[no! /Kg] 

37.1 

34.4 

33.0 

Fig.  1 

a  »  RDX  -  booster 


Fig.  2 

a  ■  RDX  -  booster 
b  «  Detonation  Sheets  -  booster 
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Two  methods  are  available  at  CERCHAR  to  asMss  tho  toxicity  of  blast  fumes:  the  1 13 
liters  bomb  and  tho  13  m3  chamber.  Tho  last  one  developped  for  more  than  fifteen 
years  appear  to  give  relevant  results,  close  vrith  the  pratice  in  underground  voris. 
Furthemore  the  corresponding  facility  offer  largo  possibilities  for  investigating  the 
influence  of  crucial  parameters  such  as  confinement  and  surround  of  the  charge, 
nature  of  tho  atmosphere.  Interesting  observations  have  been  derived  from  the 
results,  especially  concerning  the  participation  of  nitrogen  in  air  in  the  formation  of 
nitrous  oxides  and  the  relationship  between  the  toxicity  of  fumes  and  the  reactivity  of 
the  constituents  of  a  granular  amuoaium  nitrate  based  explosive 
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Fumees  dc  tir  :  I’cxpAricnce  <?j  CERCHAR 


avec  one  chambre  etanche  de  15  m3 


D.  GASTON  el  C.  MICHOT 


Ingbnieurs  au  Croupe  “Substances  Explosives  et 


Security  Explosions*  du  CERCHAR, 


B.P.  2. 60550  VERNEUIL-EN-HALATTE  (France) 


RESUME  : 


Deux  methodes  sont  utilises  au  CERCHAR  pour  determiner  la  toxicite  des  fumees 
de  tir  :  une  bombe  de  115  1  et  une  chambre  de  15  m3.  Cette  derniere  installation  est 
utilisde  depuis  plus  <fune  quinzaine  d'annbes.  Elie  donne  des  rtsultats  proches  des 
mesures  rtalisee*  en  mine.  Elie  permet  egalement  d'Otudier  f  influence  de  paramdtres 
importants  tels  le  confinement  de  la  charge,  la  nature  de  i’atmosphtre  et  des 
msbferiaux  au  contact  de  l'explosif ,  les  proprittto  de  l'explosif ,  .... 

Des  observations  intbressantes  issues  des  essais  ont  ete  rtalisee j.  On  pout  citer 
notamment  le  rOle  de  i'air  dans  la  formation  de  vapours  nitreuses,  la  relation  entre  la 
toxicite  des  Aimbes  et  la  rtactivite  des  constituants  d'un  explosif  nitrate, ... 


I  /  PRESENTATION  -  1ISTQRIQUE  : 


Depuis  plus  <Tune  trentaine  (fanntes,  le  CERCHAR  s'est  intOrtssO  a  differences 
methodes  pour  revaluation  des  productions  de  gaz  lib* res  lors  des  tirs  en  mine.  En  ce 
qui  concerne  les  conditions  d'essai*,  aprts  avoir  utilise  rtgulierement  pendant  une 
dizains  d'annets  une  bombe  de  115  litres,  il  prefers  actuellement  realiser  des  essais 
dans  une  chambre  etanche  de  15  m3.  Cette  installation  de  taille  ,  intermOdiaire  entre 
le  materiel  de  laboratoire  et  les  conditions  pratiques  en  mines  souterraines  est 
unique  (1). 
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De  nombreux  travaux  oat  ete  realises  pour  la  auto  au  point  do  in  methods  «t  pour 
la  validation  des  rbsultats.  Parmi  ies  etudes  lea  plus  importantes  nous  pouvons  citer 
trois  etudes  i  finaacement  C£CA(2,3,4)  ot  dos  travaux  in  torn  os  pour  la  definition 
d'une  bpreuve  codifies  retenue  on  Franco  dans  la  Reglementatica  pour  i'utilisation 
des  explosifs  dans  los  mines  soutorrainos  do  combustibles  solides  (3,6,7),  Plus  de  1300 
tirs  avec  des  explosifs  industrials  ou  des  produits  de  laboratoires,  dans  des 
configurations  trts  differentes,  ont  ainsi  ete  realises. 

La  figure  1  represents  schematiquemsnt  la  cbambre  de  13  m3.  Pour  sa  realisation, 
on  a  utilise  une  citerne  en  acier  qui  a  ete  modifies  :  augmentation  du  diambtre  du 
trou  dhomme  qui  est  equips  d  une  ports  etanche  k  fermeture  rapids;  adjonction  de 
plusieurs  tubulures  qui  sont  fermbes  par  des  plaques  d'acier  boulonnbes,  l'etancheite 
etant  assures  par  des  joints  de  caoutchouc.  La  citerne  a  ensuite  ete  noybe  dans  un 
massif  de  beton. 

L'intbrieur  de  la  chambre  est  bquipb  d'un  chemin  de  roulement  permettant 
d'introduire  un  mortier  d'acier,  d'un  blindage  qui  protege  le  fond  de  la  citerne  et  d'un 
ventilateur  blectrique  pour  le  brassage  des  gaz.  Le  volume  intbrieur  est  ainsi  ramenb 
a  14,5  m3  environ. 

Des  passage  i  btanches  sont  realises  au  travers  des  plaques  fermant  les  tubulures 
pour  1'introduction  de  la  ligne  de  tir,  de  la  ligne  d'alimentation  du  ventilateur.  et  des 
thermocouples  qui  permettant  d'apprbcier  la  temperature  moyenne  des  gaz  ainsi  que 
pour  le  passage  de  tuyaux  qui  servant  k  mesurer  la  pression  ou  a  prelever  les  gaz 
pourl'anatyse. 

La  masse  de  la  charge  d'explosif  tirb  dans  la  cnambre  est  de  750  g.  Cette  charge  est 
rbalisbe  dans  un  etui  lbger,  gbneralsment  en  papier  krafl  et  elle  est  amorces  par  un 
dbtonateur  Stolon  a  charge  de  0,6  g  de  penthrite,  dans  le  cas  d'un  produit  sensible  au 
dbtonateur,  ou  par  un  relais  d'explosif  dont  le  bilan  en  oxygens  est  nul,  pour  un 
produit  moins  sensible. 

Aprbs  tir,  i'atmosphbre  de  la  chambre  est  brasses,  et  on  determine  revolution  au 
cours  du  temps  des  concentrations  en  vapours  nitreuses  (NO  et  N02)  a  l'aide  d'un 
appareil  a  chimiluminescence.  Les  concentrations  en  oxydes  de  carbons,  en 
methane,  en  hydrogens  et  en  azote  sont  d6termin6es  par  chromatographic  en  phase 
gazeuse  sur  des  echantillons  prblevbs  en  ampoules  de  verre  30  minutes  aprbs  le  tir. 

Le  rbsultat  d'un  essai  est  l'ensemble  des  productions  des  gaz  cites  pr6c6demment, 
exprimbes  en  litre  par  kg  d'explosif,  dans  les  conditions  normales  de  temperature  et 
do  pression  (273  X  760  nun  Hg  soil  105  Pa).  On  indique  bgalement  la  quantitb  totale 
de  gaz  secs,  calculbe  a  partir  de  la  surpression  et  de  la  temperature  mesurbes  aprbs 
tir. 

fl  /  EXEMPLES  D'ETDDES  SEALISEES: 


II  -  1  -  Influence  du  confinement  (mode  de  tir)  : 

II  - 1  - 1  -  Introduction  : 

Les  eipiosifs  de  mine  ciassiques  (nitrates  et  dynamites)  sont  composes 
essentiellement  d’un  melange  de  nitrate  d'ammonium  et  d'un  sensibilisant.  Lors  de  la 
detonation  de  ces  explosifs,  la  decomposition  est  plus  ou  moins  incomplete.  On 
distingue  (7) : 

-  des  reactions  primaires  qui  se  produisent  dans  la  zone  de  reaction  et  qui 
peuvent  btre  plus  ou  moins  dbveloppbes  suivant  le  diambtre  de  la  charge  et  le 
confinement  de  celle-ci; 

-  des  reactions  secondai res  qui  peuvent  se  produire  ensuite  en  arribre  de  la 
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zone  de  detonation,  dans  la  mesure  od  les  fum$es  restent  suffistinmenl  confines. 

Lcrs  dun  Ur  4  fair  Libre  saas  confinement,  seuies  les  reactions  primaires  se 
produisent  el  la  composition  des  fumtes  quo  f on  determine  dans  cos  conditions  est 
proche  de  la  composiUon  des  fumdes  dans  la  zone  de  detonaUon. 

Par  contre,  lors  de  tirs  avec  un  confinement  mod6r6  de  la  chargeles  detentes  sent 
freinees,  ce  qui  a  pour  consequence  d'augmenter  la  longueur  de  la  zone  de  detonaUon 
et  egalement  la  temperature  et  la  pression  dans  cette  zone. 

Enfin,  lors  de  tirs  avec  un  confinement  important,  les  gsz  subissent  comine  dans 
les  Urs  precedents  une  detente  brutal#  4  la  fin  de  la  zone  de  detonaUon,  mats  ici  la 
detente  est  limitee  4  l'espace  accessible  aux  fumees.  Les  equilibres  chimiques  peuvent 
alors  s'etablir  avant  que  le  confinement  commence  4  coder,  Tout  au  long  de  la 
detente,  au  fur  et4  mesure  que  le  confinement  cede,  les  rtacUons  chimiques  peuvent 
se  dOvelopper.  Quand  le  confinement  a  disparu,  en  fin  de  detente,  les  gaz  font 
brutalementirrupUon  dans  f atmosphere,  ce  qui  fige  leur  composiUon. 

Afin  d'Ovaluer  l’influence  de  ces  deux  types  de  rtacUons  sur  la  toxicite  des 
fumees.  nous  avoas  realise  des  essais  en  Urant  divers  explosifs  dans  differentes 
configurations  de  Ur. 

11-1-2  -  Essais  realises : 

Trois  configurations  de  Ur  ont  ete  retenues ; 

•  Essais  en  charge  suspendue :  dans  ces  essais.  la  charge  est  suspendue 
horizontaiement  au  centre  de  la  chambre. 

-  Essais  en  morUer  sans  bourrage :  dans  ces  essais,  la  charge  d'explosif  est  tiree 
dans  un  morUer  d'acier  dont  l'4me  a  un  diametre  de  70  mm  el  une  longueur  de 
1200  sun  (voir  figure  2).  L'amorpage  de  la  charge  est  postOrieur  (detonateur  au  fond 
du  mortier}. 

-  Essais  en  morUer  avec  bourrage  :  ia  seuie  modification  par  rapport  aux  essais 
precede  nts  est  fobturaUon  du  morUer  par  deux  bourres  de  sable  de  diameire  63  mm  el 
de  longueur  300  mm. 

Les  essais  ont  portfs  sur  trots  explosifs : 

-  un  ciplosif  nitrate  contenant  14  %  de  chlorure  de  sodium 

-  uc  expiosif  dynamite  pulverulent*  a  10  %  ds  citrogiycerii'e-aitroglycol. 

-  un  expiosif  bouillie  sensibilise  par  le  nitrate  de  monomethylaminc 

Dans  le  tableau  1,  sont  donnees  ies  productions  to  tales  de  gaz  secs  mesurees  avec 
les  trois  explosifs  dans  les  trois  configurations  de  Ur. 


dynamite 


bouiilie 


r^sjxplosifs 

:Mods\ 

:detir 

nitrate  dynamite  bouiilie 

:Tiren  charge 
:  suspendue 

269 

208 

286 

Tiren  mortier 
:  sans  bourrage 

304 

;  353  : 

367 

: Tiren  mortier 
:  avec  bourrage 

377 

414 

458 

productions  en  litre/  kg  d'explosif 

TABLEAU  1 :  Production  totals  do  gaz  secs. 

Si  l'on  ctracterise  le  taux  do  rOactivite  do  i'explosif  par  la  production  totzle  de  gaz 
secs,  rapportee  a  la  production  maximale  thOorique,  on  observe  qua  l  air  «ibre  le  taux 
de  rtactivite  est  faible  (environ  50  %)  et  qu  il  crolt  de  facon  importante  avec  le 
confinement. 

Le*  fractions  primaires  ne  permettent  done  que  la  liberation  d’une  part  faible  de 
1  Onergie  disponible  allant  de  50%  i  75  %  salon  que  ces  reactions  sont  libres  ou 
forcees.  Par  contre,  iorsque  les  reactions  secondaires  peuvent  se  developper,  en 
faisant  un  ealeui  de  conservation  des  elements,  on  constate  que  la  quasi-totalite  de 
iexplosif  reagit.  De  plus,  le  confinement  des  produits  de  reaction  permet  aux 
equtiibres  chimiques  de  s’etablir.  La  formation  de  monoxyde  de  carbone  aux 
temperatures  d'explosion  des  expiosifs  de  mine  classiques  (*  2000  T)  est  gouvernee 
pnncipalement  par  lequilibre  dit  *  du  gaz  i  leau": 

CO  *  H20  ^ ^ CQ2  «H2 


Cet  equilibre  est  deplace  vers  la  droite  Iorsque  la  temperature  decroit,  e'est  i  dire 
quil  favortse  la  formation  de  C02  au  detriment  de  CO.  La  combination  dune 
decomposition  variable  et  de  la  rupture  des  equilibres  a  differentes  temperatures 
permet  d observer  des  evolutions  important**  selon  la  configuration  de  tir.  Par 
oxempJe  le  rapport  C0/C02  est  peu  different  Iorsque  le  confinement  est  nul  ou  faible 
et  augmente  nettement  Iorsque  le  confinement  devient  important. 
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:'\Expiosif 

;Mode''\. 

:  de  tir  x. 

nitrate  dynamite 

bouillie 

: Tiren  charge  : 

:  suspendue  ...  0,22  0,10 

0,16  : 

:  Tir  en  nortier 
:  sans  bourrage 

0,25 

0,04 

0,13 

Tiren  mortier 
avec  bourrage 

0.3*4 

0,28 

0,36 

TABLED  U  2 :  Rapport  C0/C02. 

Par  coatre,  les  factions  entre  ies  oxydes  d'azotes  no  sont  pas  suffisamment 
rapides,  aux  temperatures  inf6rieures  a  3000*  K,  pour  que  les  Oquilibres  puisscnt  etrc 
atteiats.  Toutefois,  la  formation  d'azote  et  d'oxydes  d' azote  est  le  rdsultal  de  different^ 
reactions  faisant  mterveair  des  radicaux  azotes.  Suivant  la  configuration  de  tir,  ces 
reactions  sont  plus  oo  moins  importantes.  Comme  on  peut  le  voir  sur  le  tableau  3,  la 
production  de  vapours  nitreuses  (  NOx  «  NO  ♦  N02  1  decroit  nettement  ayec 
faugmentation  du  confinement. 


Explosif 

Mode'x. 

:  de  tir  v. 

nitrate 

dynamite 

bouillie 

:  Tir  on  charge 
••  suspendue 

11,7 

22,9 

17,5 

•.Tiren  mortier 
:  sans  bourrage 

0,61 

1,35 

1.91 

:  Tir  en  mortier 
:  wee  bourrage 

0.09 

0,59  : 

0,47 

productions  en  litre/  kg  d'esplosif 

TABLEAU  3 :  Production  de  vapours  nitreuses, 
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II  -  i  -  3  -  Conclusions ; 


Les  productions  des  princip&ux  g'Z  Uniques  ou  nocifs  dependent  Atroitemeat  des 
conditions  do  tir.  Sous  fcUbie  confinement,  la  production  do  vapours  nitreuses  est  tres 
importante.  Par  coatre ,  elle  diminue  ir&s  rapidsment  avec  ie  confinement.  Quant  A  la 
production  do  monoxyde  do  carbone,  eiie  evoiuo  on  sens  inverse,  mais  de  facon  moms 
pronoacfte.  Ce$  evolutions  sent  dues  d'une  part  au  taux  de  reaction  faible  dans  la  zone 
de  detonation  et  d' autre  part  aux  equilibres  thermodynamiques  et  aux  temps  de 
reactions  qui  evoluent  besucoup  salon  les  configurations  de  Ur, 

Dun  point  de  vue  pratique,  le  confinement  reduit  nottoment  la  toxicite  global© 
des  fumees  en  permettant  aux  reactions  chimiques  d'ailer  jusqu't  lsur  tome. 


II  -  2  -  Relation  entre  it  reactivite  d'un  ezplesif  et  la  composition  des 
fun6es : 


II  -  2  -  1  -  Introduction  : 

Conune  nous  venons  de  le  voir,  ie  taux  de  reactivite  d'un  explosif  est  tres  faible 
lorsque  le  confinement  est  inoxistant  ou  faible. 

La  reactivite  d'un  constituant  solid©  est  lie©  A  sa  surface  spdcifique  :  plus  la 
surface  spbcifique  est  importante,  plus  le  temps  de  reaction  est  court.  D'autre  part, 
dans  ie  cas  d'une  detonation,  un  facteur  important  est  la  presence  de  pores  femes  ou 
ouverts  de  faibles  dimensions.  Ea  effel,  i'onde  de  detonation  comprime  ces  pores,  ce 
qui  cree  des  points  dbauds  favorisantdes  decompositions  locales. 

La  matidre  comburante  couramment  utilise*  dans  la  fabrication  des  expiosifs  de 
mine  -en  raison  notamment  de  son  faible  coOt-  est  le  nitrate  d'ammoniumCompares 
a  d'autre?  constituents  des  expiosifs  en  question,  ceue  aMsl&re  est  peu  reactive.  Sa 
decomposition  est  done  mediocre.  Afin  d'apprtcier  1‘iafluence  de  la  variation  de  la 
reactivite  de  ce  composant  sur  la  reactivite  glob&Je  de  1'expiosif  et  notamment  sur  is 
production  de  gaz  toxiques  ou  nccifs,  nous  avons  realise  deferents  essais  sur  des 
melanges  expiosifs  fabriques  en  Itboratoire. 


II  2  -  2  -  Essais  realises: 


La  reactivite  du  nitrate  d'ammonium  est  modifiee  en  f&isant  varier  la  porosite  et 
k  dimension  des  grains. 

Deux  nitrates  de  quslite  different  ont  ete  utilises: 

-  nitrate  d'ammonium  dit"  dense  r  employe  pour  la  fabrication  industrielle  de 
dynamites  et  de  aitrskslporosite  ouverte  mesuris  *y©c  un  porasimisire  A 
mercure:  JO-130  ©m3/g).- 

-  nitrate  d'ammonium  dit  “poreux"  employe  pour  la  fabrication  d'expiosifs 
aitrate-fioul  (  porosite  ouverte  mesurte  avec  un  porosimetre  t  mercure: 
450-630  mm3/g). 

Ces  deux  produits  ont  ete  bro?e$  et  kmisbs  et  nous  avons  retenu  les  coupes 
granulometriques  suivantes : 

-  0.1  /  0,4  mm 
-0,4 /0,63  mm 

Ea  utiiisant  ces  differents  nitrates  d'ammonium,  nous  avons  realise  des  expiosifs 
du  type  nitrate  composes  da  <%  en  poids): 

-  Nitrate  d'ammonium  80,00  % 

-  Toiite  ( trinitrotoluene)  19,24  % 

-  Cellulose  0,76  % 
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tans  ce  qui  suit,  nous  designons  les  nfcl&nges  comae  indiqu*  dans  le  tableau  4. 


Designation 

:  Nitrate  d'ammonium 

Granulomdtrie 

Dl-G 

"dense" 

0.4/  0,63 

Dl-F 

"dense" 

0.1/ 0.4 

D7-G 

"poreux" 

0.4/0,63 

D7-F 

"poreux" 

0,1/ 0.4 

Tableau  4 :  Designation  des  differeats  melanges. 


Divers  essais  de  determination  des  propribtes  explosives  et  de  mesures  le  1'energie 
permattent  de  classer  ces  explosifs  par  ordre  de  rtactivite  croissant*  suivant : 

Dl-G  /  Dl-F  /  D7-G  /  D7-F 

Dans  le  tableau  3.  nous  donnons  les  productions  totales  de  gaz  secs  et  ies 
productions  des  principaux  gaz  toxiques  ou  nocifs,  dans  les  tirs  k  i’air  libre  sans 
confinement,  en  charge  suspendue. 


:  Melange  :  Production  : 

Productions  en  i/kg 

,-secsen  i/kg: 

NOx 

CO  : 

C02  i 

:  Dl-G  •  304 

14.2 

15,0  •: 

145 

:  Di-F  :  309  : 

15.9 

17.5 

146 

:  D7-G  330 

17.9 

113 

140 

'  D7-F  371 

23.5 

11.3  i 

143 

Tableau  5 :  Resultats  des  tirs  en  charge  suspendue. 


On  constate  quo  ie  parametre  determinant  esl  la  porosity  du  nitrate  d'amaonium. 
£n  passant  de  ia  quaiite  peu  poreuse  4  la  quality  poreuse,  on  observe  une 
augmentation  de  la  production  de  vapeurs  nitreuses  et  une  diminution  de  cell*  du 
monoxyde  de  carbone.  Comae  attendu,  les  bilans  de  conservation  des  616ments  C  et  N 
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donnes  dans  le  tableau  6  montrent  que  la  riactivite  du  nitrate  d'ammonium  joue  un 
rile  important  dans  la  decomposition  d'un  tel  explosif  en  charge  suspendue. 


Valours  calcuJOes  (en  1)  i  partir  des  gaz  doses  :  Valeurs  calcuieos : 


:  Element 

Dl-G  : 

Dl-F 

:  D7-G 

:  D7-F 

.  (en  1)  d'apres  la  : 
composition 

C 

:  160  : 

163 

:  151 

:  154 

157 

N 

255  : 

25* 

:  360 

:  391 

505 

Les  valeurs  calcuiees  sur  les  gaz  doses  sont  donoees 
avec  une  precision  do :  ♦  ou  -  7 1  pour  C 
♦  ou  -  30 1  pour  N 


Tableau  6 :  Bilans  C  et  N, 

Si  Ton  admet  que  le  deficit  en  azote  est  do  i  une  plus  ou  moins  grande  participation 
du  nitrate  d'ammonium,  on  obtieni  les  taux  suivants  de  reaction  de  ce  dernier : 

-  Dl-G :  44  % 

-Dl-F:44% 

-D7-G:6S* 

-D7-F:73% 

Par  contre,  iorsque  que  l'on  confino  la  charge,  l'influence  de  la  reactivite  du 
nitrate  d’ammonium  sur  la  production  totals  de  gaz  secs  et  sur  les  productions  de  gaz 
toziques  ou  nocifs  est  tres  faible.  La  seule  exception,  comme  on  peut  le  voir  dans  le 
tableau  7,  est  la  production  d'oxyde  de  carbone  dans  lo  cas  d’un  tir  en  mortier  avec 
bourrage  :  plus  le  nitrate  d'ammonium  est  grassier,  plus  la  production  d'oxyde  de 
carbone  est  elevfee. 


;  Melange 

Total  gaz 
9ecsen 

1/kg 

Productions  en  1/kg 

NOx 

CO 

C02 

:  Dl-G 

464 

0* 

36,4 

114 

:  Dl-F 

435 

25.7 

158 

1  D7-G 

444 

03 

38,1 

126 

D7-F 

425 

0.4 

27,2 

148 

Tableau  7 :  R«sultats  des  tirs  en  mortier  avec  bourrage. 
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II  -  2  -  3  -  Conclusion* : 

Los  resuitats  de  cos  essais  montrent  la  grande  influence  des  caracteristiques  du 
nitrate  d'ammonium  sur  la  production  de  gi z  toxiques. 

£n  1' absence  de  confinement  (charge  suspendue),  la  quasi-totalite  du  constituant 
explosif  -tolite-  et  du  combustible  -cellulose*  rOagit  ainsi  qu'une  partie  du  nitrate 
((‘ammonium.  Le  taux  de  reaction  du  nitrate  d'ammonium  passe  de  40  %  avec  un 
nitrate  peu  poreux  X  environ  70  %  avec  un  nitrate  poreux. 

Sous  confinement  (mortier  avec  bourrage),  le  nitrate  d'ammonium,  en  grains 
grossiers,  finit  de  se  decomposer  au  cours  de  la  detente  des  fumees  dans  le  mortier. 
Dans  ces  conditions,  lore  de  rejection  du  bourrage,  l'equiiibro  chimique  est  rompu  a 
une  temperature  plus  elevee  que  iorsque  les  grains  de  nitrate  d'ammonium  sont 
petits,  ce  qui  fsvorise  la  formation  du  monoxyde  de  carbone  au  detriment  du  dioxyde. 

II  ™  3  -  Influence  da  milieu  envirennanl  (nature  de  gain  ago)  : 


II  -  3  - 1  -  Introduction  : 

Lors  dun  tir  en  trou  de  mine,  i'onde  de  choc  produiie  par  la  detonation  de  la 
charge  d'explosif  broie  finement  le  terrain  4  pro  limits  de  la  charge.  Au-deia  de  la 
zone  de  broyage,  i'onde  cree  des  fissures  redisiw.  Les  gsz  de  detonation  vont  ensuite 
etre  melanges  aux  particules  provenant  du  broyag#  du  terrain  puis  s'infiltrer  dans 
les  fissures.  La  nature  du  maieriau  auteur  du  trou  de  mins  est  dose  importante  dans  la 
production  des  fumees  do  tir. 

En  effet,  dans  le  cas  d‘un  mtteri&u  resetif  com me  ie  charboa,  les  particules 
intimemeat  meiang**$  avec  Jos  gaz  4  hautes  prewion  et  temperature  rmt  rfc&gir  et 
per  consequent  modifier  la  composition  des  fuades  de  tir.  D’aprbs  A.G.  SI8ENG  (9),  la 
modification  de  la  composition  des  fumees  va  dans  ie  sons  d'une  augmentation 
relativement  important*  des  produits  de  reaction  incomplete  (  CO,  NO,  N02,  etc...  ), 
autremeat  dit  de  la  toxicite. 

Par  ailleurs,  une  etude  realises  en  URSS  dont  les  resuitats  sont  cites  par  A.G. 
STftENG,  a  montre  que  3d  %  des  gaz  toxiques  formes  sont  rejetes  juste  aprOs  ie  Ur,  43  % 
sont  pieges  dsns  les  deblais  et  peuvent  etre  rendus  a  f  atmosphere  lors  du  chargemect 
et  le  solde  rest*  pie ge  dans  les  deblais.  Ces  resuitats  montrent  bien  la  difference  emre 
les  deux  possibilites  de  pi6geage  des  gaz  ap res  tir  :  soil  ils  sont  emprisonaOs  dans  les 
vides  du  tas  abattu,  soit  Us  sont  adaorbes  a  la  surface  des  matemux.  En  ce  qui 
concerae  la  deuxieme  possibility,  des  essais  realises  en  Ailemagne  par  STOCHL  et 
JISERAUO)  ont  montre  que  i’adsorption  varie  survant  la  nature  des  roches  et  suivant 
les  gaz.  Dans  tous  les  cas,  les  quantity  de  gaz  ainsi  piegees  sont  tr6s  fsibles  et  ieur 
desorption  est  trt*  lento  (  de  1’ordre  de  ptusieurs  jours;.  Par  contra,  pour  les  gaz 
emprisonnes  dans  les  vides  du  tas  abattu,  comma  1’a  mis  en  evidence  CLAE7S  ( 1 1 ),  lors 
de  la  reprise  du  tas,  ces  gaz  diffusent  dans  fatmosphere. 

Pour  apprtcier  1'influence  du  milieu  environnani,  nous  avons  realise  different* 
essais  en  playact  soit  du  charbon  .soit  du  3tble  autour  de  la  charge  d'explosif 


II  -  3  -  2  -  Essais  realises : 


Deux  des  melanges  expionfs  utilises  dans  cetle  etude  sont  identiques  4  ceux 
presentes  dans  l'etude  precedents,  4  ssvoir  ie  plus  rdactif  et  le  moins  rtactif.  Une 
seuie  configuration  de  tir  a  ete  examinee.  11  s'agit  du  tir  en  mortier  avec  bourrage  en 
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plaint  autour  de  la  charge  ua  maachon  de  sable  ou  de  charboa  agglomtrt.  Ce 
maachon  avail  ua  diametre  inthrieur  de  40  nun,  uae  dpaisseur  de  12,5  tarn  el  uae 
longueur  de  300  nu&.  Par  ailleurs,  les  bourres  obturaat  le  mortier  dtaient  rtalisdes 
avec  le  mimo  materiau  agglomtrt  que  la  gaiae. 

Dans  le  tableau  S,  aous  doaaoas  les  rapports  des  quaatites  de  gaz  produits  par 
1‘ezplosif  gaiae  de  charboa  aux  quantity*  de  gaz  produits  par  l'esploiHf  gaine  de  sable. 


H2 

NOx 

CH4 

CO 

C02 

Total  gaz 
secs 

:  D7-F  ♦  charbon 

Q  A 

0  z 

168 

7,8 

U 

1,5  s 

:  D7-F  *  sable 

“A 

:  Dl-G  ♦  charbon 

1,0 

47,4 

5,5 

u 

1.7  ! 

Dl-G  ♦  sable 

OtJ 

Tableau  8 :  Rapport  des  quaatites  de  gaz  produits  par  l'explosif  gaine  de 
charboa  aux  quaatites  de  gaz  produits  par  l'explosif  gaine  de  able. 

[.'addition  d  une  gaine  de  charboa  conduit  done  quel  que  soil  l'explosif,  a  une 
forte  augmentation  de  la  production  de  gaz  secs.  En  evaluant  la  quantite  de  carbone 
presents  dans  les  fumees  en  fonction  de  la  nature  de  la  gaine,  on  pout  estimer 
l'epaisseur  de  la  gaine  qui  a  ete  decomposes,  on  suppose  pour  cela  que  l'explosif 
rtagit  complete  meat  On  obtientaiasi  une  epalsseur  de  4  4  6  mm  selon  la  reactivite  de 
l'explosif. 


II  -  3  -  3  *  Conclusions: 

La  toxicite  globale  des  fumees  de  tir  peut-etre  caract6ris6e  par  exemple  par 
1'indice  de  toxicite  (I.T.): 

I.T.  =  qCO  ♦  5qN0x 

avec  qCO :  production  de  monoxyde  de  carbone  en  l/kg 
qNOx :  production  de  vapours  nitreuses  en  1/kg 
La  presence  d  un  materiau  carbone  au  contact  de  l’explosif  augmenle  de  5  a  7  fois 
cat  indice,  en  raison  notamment  d  un  fort  accroissement  de  CO. 


II  -  4  -  Formation  de  vapours  nitreuses  h  partir  de  fair  environnant: 

II  *  4  - 1  -  Introduction  : 

La  production  de  vapeurs  nitreuses  est  generalemenl  attribuee  aux  constituants 
de  l'explosif  con  tenant  de  l'azote. 

II  n'est  pas  exdu  cependam  que  l'orygfcne  et  l'azote  atmospberique  presents 
autour  de  la  charge  d'explosif  participent  aussi  k  leur  formation. 

D'un  point  de  vue  theorique,  on  montre  par  le  calcul  que  cette  hypothCse  est 
plausible.  Le  module  utilise  repose  sur  les  ftquiUbres  chimiques  suivants : 


1 5-1 2 


l/202?=M) 


t/2K2?=*N 


1/202  »1/2N2-?=*N0 

et  assimiie  une  oxide  de  choc  &  une  augmentation  da  temperature  Pour  chaque 
valeur  de  ia  temperature,  on  resoud  ies  systemos  cocstitues  par  ien  equations  de 
conservation  des  elements  et  les  equations  d'equiiibres,  de  fa?on  &  verifier  ia  relation 
de  Rankine-Hugoniot  pour  la  conservation  de  l  energie  dans  ie  choc  Avec  ua  tel 
modeie,  on  obtient  les  rdsuitats  portes  dans  le  tableau  9,  dans  le  cas  particular  de  la 
cfcambre  de  15  m3  du  GERCHARl  atmosphere  constituee  de  7  moles  d'oxygdne,  27  moles 
dazote  et  1  mole  d'argon ). 
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T  CK) 

IKM/S; 

UP  (M/S) 

1000 

1300 

1034 

1100 

1388 

1116 

1200 

1473 

1193 

130O 

1553 

1266 

1400 

1631 

133? 

1500 

1706 

1405 

I860 

1778 

1471 

1700 

1849 

1536 

1800 

1913 

1533 

1900 

1985 

1659 

2000 

2051 

1720 

2100 

2115 

1773 

2200 

2178 

1838 

2300 

2242 

1396 

2480 

2305 

1953 

2500 

2366 

2010 

2600 

2427 

2067 

2700 

2488 

2124 

2800 

2549 

2180 

2900 

2610 

2237 

3OO0 

2671 

2294 

3100 

2732 

2352 

3200 

2794 

2410 

3300 

2857 

2469 

3400 

2920 

2530 

3500 

2984 

2531 

3600 

3049 

2653 

3700 

3115 

2716 

3800 

3181 

2779 

3900 

3248 

2343 

4000 

3317 

2909 

P  <  BfiR) 

U0/U 

QN0  (PPM  > 

17.34 

4.88? 

1.7 

20.51 

5.091 

5 

23.12 

5.26 

11.5 

25.7? 

5.411 

23 

28.46 

5.548 

41.3 

31.13 

5.673 

68.5 

33.85 

5.733 

106.6 

36.76 

5.839 

157.7 

38.61 

6.003 

223.5 

42.4? 

6. 102 

305.6 

45.41 

6.198 

404.9 

48.4 

6.291 

522.3 

51.44 

6, 382 

653 

54.53 

6.471 

811.9 

57.68 

6.553 

933.6 

60.8 

6.64? 

1172.3 

64.18 

6.734 

137? 

67.54 

6.322 

1596. 1 

70.98 

6.91 

1828.4 

74.52 

7 

2072 

78.16 

7.031 

2325.3 

81.92 

7. 185 

2586.4 

85.8 

7.281 

2853.5 

33.83 

7.379 

3124.7 

34 

7.43 

3338 . 4 

38.33 

7.584 

3673 

102.34 

7.631 

3946.8 

107.53 

7.?9:H 

4213.7 

112.28 

7.909 

4484.6 

117.3 

8.021 

4748. 2 

122.51 

8.135 

5006.7 

D  (M/S) 

3146 

3335 

3611 

332? 

4035 

4236 

4430 

4620 

4305 

4333 

5161 

5335 

5508 

5673 

5346 

6Q13 

6173 

6345 

6511 

6677 

6344 

7012 

7183 

7355 

7530 

7707 

7383 

3072 

3254 

8443 

3634 


T:  Temperature  absolve  ea  K. 

V:  Vitesse de propagation  ea  a/s del'oado de  choc dansToir. 

UP:  Vitesse  ea  m/s  dele  autidre  derridre  t'oade  de  choc. 

P.  Pression  de  I'oade  de  choc  ea  her. 

Yd  A’ :  rapport  des  volumes  arantetaprts  choc. 

OHO :  Concentration  finale  de  NO  (erprimde  ea  ppm)  dans  1*  ch ombre  de  tir 
D:  Vitesse  de  detonation  ea  a/sdet'erplosif  qui iaduitle  choc 

Tableau  9  :  R6$ultats  du  caicul . 


Par  ailieurs,  des  essais  realises  ea  Allemagne  (12)  montrent  qu'une  faible 
quaniite  d’air  present  autour  de  la  charge  augment*  sensiblement  la  teneur  ea  NO  des 
gtz  engendrts  par  la  detonation. 

Dans  le  but  d'ftvaluer  plus  precis6m$nt  la  participation  6ventuelle  de  1'air  a  la 
production  d'osydes  d‘ azote,  nous  avons  realise  des  essais  avec  des  ezplosifs  ne 
conteaant  pas  d'azote. 
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II  -  4  -  2  -  essais  realises: 


L'explosif  utilise  pour  ces  essais  est  ua  melange  do  chlorate  de  potassium, 
d'aluminium  et  da  cellulose.  Le  bilan  en  oxygene  de  cet  explosif  est  de  -10  %  et  sa 
▼ites3e  de  detonation  i  l'air  libre  en  cartouches  de  diametre  30  mm  est  d'environ 
2  tm/s. 

Nous  avons  e/fectue  des  tirs  sous  atmosphere  contr0i6e,  avec  les  deux 
configurations  de  tir  suivantes : 

-  Tir  en  charge  suspendue  en  piaqant  la  charge  dans  un  ballon  de  diametre  1  m, 

-  Tir  en  mortier  avec  bourrage  en  balayant  en  continu  Time  du  mortier. 

Le  tableau  10  donne  les  productions  de  gaz  toxiques  ou  nocifs  mesur6es,  lors  des 
tirs  en  charge  suspendue,  en  fonction  de  la  nature  du  ga2  contenu  dans  le  ballon  (air, 
argon,  azote,  oxygene). 


Gaz  Productions  en  1/kg 


:  environnant 
:  la  charge 

:  NOx 

CH4 

CO 

C02  : 

air 

:  0,4 

- 

14 

:  203  : 

argon 

0,9 

52 

179 

azote 

:.  0.12 

4.8 

85 

126 

:  oxygene 

:  0.13 

- 

3.4 

:  227 

Tableau  10  :Tirsen  charge  suspendue. 


On  constate  une  nelte  diminution  de  la  quantity  de  vapours  nitreuses  produites 
par  le  tir  lorsquo  l'air  est  rempiacft  par  Targon.  On  observe  6galement  une  nette 
augmentation  du  rapport  C0/C02  due  4  J'absence  d'air  pour  1‘oxydation  du  CO  en  C02. 
Au  contraire,  sous  atmosphere  d'oxygene,  une  grande  proportion  de  CO  est  oxydOe  en 
C02. 

En  mortier  avec  bourrage,  comme  on  peut  le  voir  sur  le  tableau  11,  le 
rempiacement  de  1'air  par  de  Targon  ne  modifie  pas  de  fa^on  sensible  la  production 
de  vapours  nitreuses. 


Gaz  Productions  en  1/kg 


:  environnant 
;  la  charge 

NOx 

:  CH4 

:  CO  : 

C02 

air 

0,09 

4.7 

62 

176 

argon 

4.0 

60 

199 

Tableau  11 :  Tirs  en  mortier  avec  bourrage. 


II  -  4  -  3  -  Conclusions : 

Dons  le  cas  des  tirs  en  charge  suspendue,  nous  avons  mis  en  evidence,  avec  un 
explosif  ne  conlenant  pas  d'azote,  is  formation  de  vapours  nitreuses.  L'azote 
correspondent  ne  peut  done  provenir  que  de  I'a2ote  atmospherique. 

Dans  le  cas  d'un  tir  en  mortier  avec  bourrage,  les  quantites  de  vapours  nitreuses 
sont  plus  faiblcs  que  dans  les  tirs  en  charge  suspendue.  Le  balayage  de  l’atmosphbre 
du  mortier  par  de  1'argon  ne  permet  pas  de  diminuer  notablement  les  quantites 
d'orydes  d'azote  formes  par  le  tir.  La  participation  de  l'air,  dans  cette  configuration  de 
tir,  i  la  formation  des  vapeurs  nitreuses  est  done  n6gligeable. 


Ill  /  CONCLUSION  GENERALE  : 

La  mbthode  pour  i'anaiyse  des  fumbes  de  tir  retenue  au  CERCHAR  permet  de 
rtaliser,  de  fa$on  reproductible,  des  essais  adaptds  A  ia  caractdrisation  de  la  toxicite 
des  tirs  en  mine. 

De  plus,  elle  peut  Atre  utilise  pour  la  realisation  deludes  plus  fondamentales.  Par 
exemple,  il  est  possible  d'apprtcier  l'effet  de  la  nature  du  terrain  ou  i'influence  de 
involution  de  ia  reactivity  de  i'explosif  sur  la  production  de  gaz  toxiques. 

Actuellement  nous  nous  interessons  A  la  caracterisation  des  explosifs  de  mine  de 
la  nouvelle  generation  (emulsions,  nitrates-fiouls  alourdis)  dont  le  comportement 
semble  etre  un  peu  different,  dans  ces  conditions  de  tir,  du  comportement  des 
explosifs  classiques. 
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Figure  1 :  Schema  de  ia  chambre  de  13  m3. 


Figure  2 :  Schema  du  morticr  d'acier. 
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DETERMINATION  OF  NITROGEN  OXIDES  IN  THE  POST-DETONATION 
FUMES  OF  INDUSTRIAL  EXPLOSIVES 

Ralf  B.  Zimmermann 
W3K-Bergbau-Versuchsstrecke 
Dortmund  -  Derne,  FRG 


ABSTRACT 

In  the  fumes  of  industrial  explosives  the  total  content 
of  toxic  components  such  as  CO  and  NOx  should  be  as  low  as 
possible.  To  minimize  the  CO-content,  the  oxygen-balance  of 
such  explosives  normally  is  set  near  zero,  but  is  slightly 
in  the  positive  region.  In  these  cases  fumes  contain  NO  to  a 
certain  extent.  After  the  expansion  of  the  fumes  and  during 
the  following  diffusion  and  mixing  with  air,  NO  is  oxidised 
to  NO  ^  and  subsequently  absorbed  on  wet  or  alkaline 
surfaces.  These  processes  are  so  quick  that  the  correct 
determination  of  the  primarily  developed  NO  in  the  gas-phase 
is  prevented. 

Modern  analytical  tools,  like  chemiluminescence 
detectors,  allow  the  simultaneous  plotting  of  a 
concentration-  time-  history  of  NO  and  NOx  in  the  fumes 
cloud.  By  evaluating  the  kinetic  laws  of  the  rate¬ 
determining  processes  it  should  be  possible  to  get  an 
extrapolated  value  of  the  original  NO-content  at  detonation 
time.  This  value  can  be  used  to  compare  the  different 
explosive  compositions  and  to  estimate  the  effect  of 
composition  variations  with  respect  to  NO-concentrations. 


INTRODUCTION 

In  underground  blasting  operations  toxic  components  in 
shotfiring  fumes  present  a  serious  hazard  especially  under 
poor  ventilation  conditions.  The  main  products  in  the  post¬ 
detonation  fumes  of  industrial  explosives  are  nitrogen, 
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water  vapor  and  carbon  dioxide,  but  because  of 
thermodynamics  carbon  monoxide  and  nitrogen  oxides  are 
always  present  to  a  certain  extent.  The  amount  of  CO  and  NOx 
depends  on  a  number  of  parameters,  such  as  : 

-  composition  of  the  explosive 

-  detonation  characteristics 

-  mode  of  initiation 

-  diameter  of  charge  and  borehole 

-  mechanical  strength  of  the  confinement 

-  type  of  stemming 


Some  of  the  above  parameters  depend  on  the  explosive’s 
formula  ,  others  are  influenced  by  regulations  of  usage.  For 
the  purpose  of  certification  and  approval  of  an  explosive 
for  underground  use  one  needs  a  standard  testing  method  to 
get  comparable  values. 

As  described  in  earlier  papers  (i),  in  the  FRG  this 
standard  test  is  done  by  a  small,  but  realistic  blasting 
operation  in  a  closed  chamber  in  an  experimental  underground 
mine  and  chemical  analysis  of  a  sufficient  number  of  fume 
samples.  The  results  seem  to  have  a  close  correlation  to 
those,  found  under  practical  conditions.  On  the  other  hand 
the  method  is  expensive,  slow  and  gives  little 
reproducibility.  It  should  be  supplied  by  a  laboratory 
method,  which  will  give  hints  for  the  development  of  an 
explosive  with  a  minimum  content  of  toxic  fumes. 


General  requirements  for  this  method  have  already  been 
evaluated  in  previous  work  (2) .  The  main  result  was,  that 
the  test  charge  used  and  the  expansion  factor  of  the  fumes 
should  be  in  the  same  order  of  magnitude  as  in  practical 
blasting  operation. 


i  4-3 


EXPERIMENTAL 


Explosive  charges  from  0.5  to  2  kg  of  normal  cartridges 
in  diameters  of  25  to  40  mm  are  detonated  either  freely 
suspended  or  confined  in  a  steel-  or  cardboard-  tube  in  a 
closed  concrete  shell  of  130  m  volume.  The  overpressure 
escapes  through  small  diameter  holes  near  the  inlet  door,  so 
that  only  air  is  lost  in  the  expansion  process.  The 
intensive  mixing  in  the  chamber  volume  is  done  by  an  axial 
flow  fan  with  about  50  in’ /min.  The  sampling  point  is 
situated  near  the  centre  of  the  shell  and  is  connected  by  a 
4  mm  i.d.  polyethylene-  tube  with  the  gas  analysers: 

a)  two  non-dispersive  IR-photometers  for  2000  vpm  CO 
full-  scale  or  20,000  vpm  CO^  full-  scale  (BINOS  1,  Fa. 
Leybold-  Heraeus) 

b)  NO-NOx-chemiluminescence  analyser  from  10  vpm  to 
10,000  vpm  full-  scale  (NO/NOx-analyser ,  model  951,  Fa. 
Beckman) . 

The  readings  of  the  analysers  are  monitored 

simultaneously  by  a  three-channel-compensation-recorder .  CO 

and  CO  have  their  own  channel  on  the  recorder.  The 
2 

chemiluminescence  analyser  is  switened  every  minute  from  the 

NO-mode  to  the  NOx-mode  and  back  by  means  of  a  catalytic 

converter  and  the  output-signal  is  given  to  the  third 

channel  of  the  recorder.  As  can  be  seen  from  these 

diagramms,  mixing  is  complete  within  less  than  2  minutes  and 

the  CO  and  CO  concentrations  are  stable  within  a  few 
2 

percent  for  more  than  one  hour  (see  fig.  1  and  table  1) . 


The  experiments  reported  below  are  carried  out  with 
charges  of  about  1.7  or  0.8  kg  permitted  explosive.  Its 
cartridge  diameter  was  32  mm  and  it  was  confined  in  a 
cardboard  tube  of  40  mm  i.d.  with  a  wall  thickness  of  4  mm. 
The  permitted  explosive  consists  of  about  10  % 
nitrogiycerole,  aoout  80  %  of  a  near  molar  mixture  of 
ammonium  chloride  and  sodium  nitrate  and  some  ingredients  to 
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improve  anti-deflagration  behavior  and  water  resistivity. 
Its  oxygen  balance  is  +3,7  %;  the  velocity  of  detonation  is 
1700  m/sec  and  the  detonation  pressure  about  1  GPa. 


RESULTS  AND  DISCUSSION 

It  is  very  easy,  to  get  extrapolated  initial  values  for 

CO  and  CO  concentrations  from  the  concentration-  time- 
2 

diagramm  for  t  =0,  the  detonation  time.  The  values  for  NO 
and  NOx  however  decrease  almost  by  one  order  of  magnitude  in 
less  than  one  hour.  As  the  decrease  is  not  linear  in  time, 
it  is  impossible  to  gat  the  initial  values  by  a  direct 
extrapolation.  So  a  kinetic  analysis  of  the  data  might  be 
more  appropriate. 


It  is  well  known  that  NO  reacts  to  NO^  in  the  gas  phase 
by  oxidation  ,  which  is  absorbed  on  wet  surfaces  to  the 
final  stage  of  NO^  -ions.  The  reactions  can  be  written  as: 


2  NO  +  0 

2 

2  NO 

2 

(R-l) 

and 

2  NO  +  Yi  0  +  2  OH 

2  2 

— *  2  NO  +  K  0 

3  * 

(R-2) 

As  it  was  shown  by  EODENSTEIN  in  very  careful 
experiments  (3),  the  formation  of  NO^  in  R-l  is  of  second 
order  with  respect  to  NO  and  of  first  order  with  respect  to 
Oj.  So  we  get  the  kinetic  law: 

dlNQj/dt  =  -  d  [NO]  /dt  =  2  k  •[Oj][NO]n  (Eq-1) 

with  n  =  2  in  the  concentration  range,  experienced  by 

BODENSTEIN  (be^ing  about  100  to  1000  times  higher  than  in 
the  case  of  the  fumes).  By  definition  is: 

=  (NO)  +  (NO  ) 

2 


(NOx) 


(Eq-2) 


Effective  Reaktion  Orders 


:,v 
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The  concentration  of  NOx  will  be  constant,  if  there  is 
only  R-l  in  the  gas-phase,  but  in  case  of  surface  reactions, 
for  example  R-2,  it  decreases.  So  the  decrease  of  (NOx)  is 
equal  to  the  decrease  of  [NO^]: 

m 

d [NO  ]/dt  =  d [N0x3 /dt  =  -  k  . [0  } [NO  ]  (Eo-3) 

2  2  2  2 

In  order  to  get  estimated  values  for  the  reaction 
orders  m  or  n  it  is  useful  to  begin  with  the  differential 
form  of  the  kinetic  equations.  Logarithming  and  replacing 
the  differential  ratios  by  difference  ratios  yields: 

* 

lg(4N0/dt)  =  lg(-2ki  )  +  n  lg[N0]  (Eq-4) 

* 

resp.  lg(AN0x/4t)  =  lg(-k  )  +  m  lg[N0  }  (Eq-5) 

2  2 

In  these  equations  the  rate  constant  k  is  replaced  by  the 
constant  k  ,  which  already  implies  the  almost  constant 
concentration  of  0  . 


Plotting  the  logarithms  of  against  iNO]  or 

4NOx/ztt  against  [NO  ]  yields  values  for  n  =  2.0  and  m  =  1.2 

2 

(see  fig.  2) .  This  means  that  the  decrease  of  NO  is  about 

second  order  and  mainly  follows  the  mechanism  established  by 

BODENSTEIN.  Furthermore  the  absorption  of  NO  probably  is  of 

first  order  with  respect  to  NO  . 

2 

So  we  can  use  the  kinetic  equation  Eq-1  in  its 

integrated  form.  Assuming  that  [NO]  is  the  initial 

i 

concentration  of  NO  at  the  detonation  time  t  =  0  and  that 

the  initial  concentration  of  NO  is  near  zero,  we  obtain  the 

2 

following  solution  of  the  differential  equation  (4) : 

* 

=  k.  'i  +  1/[N0). 


1/ [NO] 


(Eq-6) 
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According  to  equation  6,  a  plot  of  1/[N0]  against  the  time  t 

gives  a  straight  line  and  a  reliable  extrapolation  to  t  =  0 

is  now  possible,  which  yields  the  initial  concentration 

[NO] , . 
i 

A  similar  plot  of  1/ [NOx]  against  t  shows  a  slightly 
curved  line,  corresponding  to  an  overall  reaction  order 
below  2  (see  fig.  3)  .  Nevertheless  a  reliable  extrapolation 
to  the  initial  concentration  [NOx]^  is  also  possible  ar.d 
yields  a  definitely  higher  value  than  that  for  [NO] . , 
indicating  an  apparent  small  content  of  NO  in  the  initial 
fumes . 

A  similar  result  had  already  been  reported  by  VOLK  (5) , 
obtained  with  a  commercial  explosive  detonated  in  an 
argon-filled  vessel,  and  it  possibly  could  be  attributed  to 
a  partial  deflagration  in  this  explosive.  In  our 
experiments,  initial  NO^  also  may  be  generated  partly  by 
deflagration.  Another  possibility  is  its  formation  by  the 
rapid  oxidation  rate  at  the  surface  of  the  initial  expanding 
fumes  cloud  and  so  the  initial  NOa-concentration  is  only  a 
virtual  one. 

A  comparison  of  the  results  of  three  similar 
experiments,  differing  only  in  the  mass  of  the  explosive, 
shows  a  good  reproducibility  of  the  specific  contents  of  NO, 
NOx,  CO  and  CO^ ,  which  are  expressed  in  1/kg  explosive  (see 
table  2) . 

So  the  described  method  should  be  used  in  the 
development  of  a  new  generation  of  industrial  explosives, 
the  emulsion  explosives,  which  will  have  in  its  fumes  a  much 
lower  content  of  toxic  components,  especially  of  NOx,  than 
conventional  dynamites. 
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Tab.1  Results  of  Test  No 

9 

T  ims 
[min] 

NO 

[ppm] 

1/N0 

[1/ppml 

NO* 

[ppm] 

1/NO* 

[1/ppm] 

N02 

[ppm] 

CO 

[ppm] 

COz 

[ppm] 

1 

112.5 

0.0089 

140.0 

0.0071 

27.5 

62 

1005 

2 

105.0 

0.0095 

132.5 

0.0075 

27.5 

61 

1000 

6 

85.0 

0.0118 

112.5 

60 

990 

12 

67.5 

0.0148 

90.0 

0.0111 

22.5 

60 

985 

18 

56.25 

0.0178 

73.75 

0.0136 

17.5 

60 

980 

24 

47.5 

0.0211 

62.5 

0.0160 

15.0 

59 

980 

30 

41.25 

0.0242 

£2.5 

0.0190 

11.25 

59 

975 

38 

36.25 

0.0276 

45.0 

0.0222 

8.75 

59 

975 

42 

32.5 

0.0308 

40.0 

0.0250 

V  .5 

59 

— 

48 

28.75 

0.0348 

35.0 

0.0286 

6.25 

59 

970 

Tab. 2  Results  of  Tests  No. 8-10 


Test 

NO 

NO* 

.  *i 

NO2 

_ 

CO 

l/kg 

ppm/kg 

l/kg 

ppm/kg 

1/kg 

ppm/ kg 

l/kg 

No.  3 

7.9 

60.5 

10.2 

78.2 

2.3 

17.7 

D 

No.  9 

8,5 

.  - 

65.5 

10.4 

80.2 

1.9 

14.7 

ID 

No.  10 

8.3 

63.9 

9.8 

_ _ 

75.3 

1.5 

11.4 

ID 

34.8  44.1  1339.4  I  1752.9 


34.5  44.4  (341.9  1769.8 


25.4  (44.5  342. 


14-11 


i 


ACKNOWLEDGEMENT 

This  work  was  supported  financially  by  the  Federal 
Ministery  of  Research  and  Technology. 


REFERENCES 

(1)  Eitz  E  &  Zimmermann  R,  Explosifs  1977,  p.  65/71 
Carbonel  P  &  Bigourd  J,  Explosifs  1979,  p.  179/185 
Koplin  H,  Nobel  Hefte  1979,  p.129/156 

Crichton  0,  19th  Int.  Conf.  Mine  Safety,  Katowice 
(Poland)  1981,  paper  E-8 

(2)  Eitz  E  &  Zimmermann  R,  Propell.  Explos..  1978,  p.17/19 

(3)  Bodenstein  M,  Z.  phys.  Chem.  1922,  p.-  68 

(4)  Frost  A  &  Pearson  R,  Kinetics  and  Mechanism, 

New  York  1962 

(5}  Volk  F.  Propell.  Explos.  1978,  p.  9/13 


15-1 


DETERMINATION  OF  NITROGEN  DIOXIDE  GENERATED  IN 
PROPELLANTS  AND  EXPLOSIVES  BY 
POLAROGRAPHY  AND  HPLC  WITH  ELECTROCHEMICAL 

DETECTION 


Ame  Bergens 
University  of  Uppsala 
Dept  of  Analytical  Chemistry 
P.O.  Box  531 

S-751  21  Uppsala,  SWEDEN 


Jan  Asplund 

Nobel  Chemicals  AB 

S-691  85  Karlskoga,  SWEDEN 


ABSTRACT 

A  method  for  the  determination  of  nitrogen  dioxide  in  propellants  and  high  explosives  has  been 
developed,  based  on  collection  of  nitrogen  dioxides  in  a  cartridge  containing  Rorisil  coated  with 
diphenylamine.  The  nitrogen  dioxide  reacts  with  diphenylamine  to  form  N-nitroso-  and 
nitroderivatives.  The  nitroso-  and  nitroderivatives  are  eluted  from  the  cartridge  with  methanol  and 
analysed  either  by  polarography  or  HPLC. 

The  amount  of  derivatives  formed  in  the  cartridge  is  related  to  the  amount  of  nitrogen  dioxide 
formed  in  the  sample.  Polarography  was  used  for  the  determination  of  N-nitroso-diphenylaminc  in 
the  cartridge.  N-nitroso-diphenylamine  was  found  to  be  the  major  derivative  formed  and  accounted 
for  more  than  90%  of  the  total  amount  of  nitrogen  dioxide. 

HPLC  with  electrochemical  detection  can  be  used  to  monitor  the  formation  of  the  different 
nitroderivatives  in  the  cartridge  exposed  to  nitrogen  dioxide.  After  some  modifications,  the  method 
should  be  possible  to  use  for  field  sampling  and  determinations  of  nitrogen  dioxide  in  propellant 
plants  and  storages. 


INTRODUCTION 


The  nitrate  esters  of  single  and  double  base  propellants  and  high  explosives  decompose  slowly.  The 
cleavage  of  the  weak  nitrate  ester  bond  involves  a  release  of  nitrogen  dioxide  and  aldehydes. 

RO-NOz-*RO  +N02 

The  N02  formed  during  this  process  can  react  further  with  the  organic  materials  to  form  nitrogen 
oxide  and  other  gases  such  as  N20,  CO,  C02  and  H20.  The  overall  process  can  shortly  be  described 
as: 

AH 

RO  -N02  -»  NO,  x  =  1  or  2 

In  the  presence  of  air,  any  NO,  formed  can  be  oxidized  to  NQ2  which  catalyses  the  cleavage  of  the 
nitrate  ester  bond.  Hence,  the  decomposition  process  will  be  accelerated  by  the  N02  formed. 

By  addition  of  a  stabilizer  compound,  these  reactions  can  bs  prevented.  The  function  of  the  stabilizer 
is  to  react  reasonably  fast  with  the  NO,  formed  and  thereby  protect  the  nitrate  ester  from  e$p^ure 
to  N02.  Common  stabilizers  are  diphenylamine  (DP A)  and  various  derivatives  of  urea  such  as 
centralites  and  acardites. 

A  number  of  stability  tests  has  been  developed  for  the  purpose  of  checking  that  a  propellant  has 
been  properly  stabilized  and  that  it  will  be  stable  after  many  years  of  storage.  The  stability  tests 
often  involves  a  procedure  for  forced  aging  by  storing  propellant  samples  at  different  temperatures. 
Examples  of  such  methods  for  stability  determinations  are: 

-  Determination  of  the  loss  in  weight. 

-  Determination  of  stabilizer  and  stabilizer  derivatives.  The  presence  of  nitro-  and 
nitrosoderivatives  is  not  in  itself  a  sign  of  the  propellant  being  unstable  but  discloses  that  the 
amount  of  stabilizer  agent  has  decreased. 

-  Determination  of  the  N02  by  chemiluminescence.  The  chemiluminescent  method  is  specific 
for  NO  and  is  used  to  measure  N02  by  catalyticaily  reducing  N02  to  NO  prior  to  reaction 
with  03. 

-  Measurement  of  the  heating  power  resulting  from  the  exothermic  decomposition  reactions 
by  micro  calorimetry. 
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This  work  describes  a  method  for  the  determination  of  N02  in  propellants  and  high  explosives  based 
on  collection  of  N02  in  a  cartridge  containing  Florisil  coated  with  DPA.  The  N02  reacts  with  the 
DPA  in  the  cartridge  to  form  nitro-  and  nitrosoderivatives  which  are  eluted  from  the  cartridge  and 
analysed  by  polarography  or  liquid  chromatography  with  electrochemical  detection  (LCEC).  The 
amount  of  nitroso-  and  nitroderivatives  formed  can  be  related  to  the  amount  of  N02  generated  by 
the  sample.  Investigations  on  quantitative  collection  of  N02  in  a  cartridge  containing  Florisil  coated 
with  DPA  has  already  been  published1,2.  These  earlier  publications  has  been  aimed  at  ambient 
nitrogen  dioxide  monitoring. 

Polarography  and  LCEC  are  two  very  suitable  methods  for  determination  of  the  nitro-  and 
nitrosoderivatives  formed  in  the  Florisil  cartridge.  The  only  electroactive  reducible  compounds  in 
the  cartridge  are  the  different  nitro-  and  nitrosoderivatives  of  DPA.  It  is  therefore  possible  to  get  a 
sensitive  and  selective  detection  of  the  compounds  of  interest  by  using  one  or  both  of  these 
techniques. 

An  aromatic  nitro  group  can  be  electrochemically  reduced  at  a  glassy  carbon  electrode  or  a  mercury 
electrode.  The  extreme  cathodic  potentials  required  to  reduce  nitrodiphenylamines  involves 
inconvenient  operational  problems  because  of  the  interference  from  dissolved  oxygen  in  the  mobile 
phase.  The  reduction  products  in  acidic  aqueous  media  are  hydroxylamines  which  in  their  turn  can 
be  electrochemically  oxidized  at  moderate  potentials  suitable  to  analytical  determinations. 
Therefore,  the  electrochemical  detector  used  in  the  LCEC  system  was  equipped  with  two  working 
electrodes  mounted  in  a  series  configuration.  The  difficulties  with  oxygen  interference  can  be 
overcome  by  using  the  first  electrode  as  a  generator  electrode  of  easily  oxidizable  hydroxylamines. 
The  hydroxylamines  formed  at  the  first  electrode  are  detected  at  the  second  downstream  electrode. 
Hence,  it  is  the  current  at  the  second  electrode  that  is  monitored  as  the  analytical  signal. 

EXPERIMENTAL 


Apparatus  for  polarography. 

The  polarographic  determinations  were  performed  with  a  Metrohm  Polarecord  E  506.  All  potentials 
were  measured  and  reported  versus  a  Ag/AgCl  reference  electrode  (Metrohm  EA  427).  The  scan 
rate  was  2.67  mV/s.  Deoxygenation  of  sample  solutions  were  performed  by  passing  nitrogen 
through  the  solutions  for  ten  minutes  before  the  recording  of  polarograms. 
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Apparatus  for  LCEC. 

The  LCEC  system  consisted  of  a  LKB  2150  HPLC  double  piston  pump  and  a  six  port  V  alco  injection 
valve  with  either  a  20  |xl  or  a  50  pi  sample  loop.  Separations  were  made  either  on  a  10cm  x  4.6mm 
I.D.  RP-18  Spheri-5  column  with  a  1.5cm  x  4.6mm  I.D.  precolumn  (Brownlee  Labs,  USA)  or  a 
10cm  x  3.0mm  I.D.  Chromspher-18  (Chrompack,  The  Netherlands).  The  amperometric  detection 
system  was  controlled  by  two  LC-4B  potentiostats  (Bioanalytical  Systems  Inc.,  USA).  A  cross 
section  of  the  detector  cell  is  shown  in  fig.  1.  It  consists  of  two  blocks:  one  Kel-F  block  containing 
the  two  glassy  carbon  working  electrodes  and  one  block  made  of  stainless  steel  which  serves  as  the 
auxiliary  electrode.  The  Ag/AgCl  reference  electrode  (Bioanalytical  Systems,  USA)  is  placed 
downstream  in  the  eluent.  The  potential  settings  for  the  two  working  electrodes  were  W1  =  -  1.0V 
and  W2  =  +0.6V.  The  detector  cell  was  placed  in  stainless  steel  box  to  shield  it  from  electrostatic 
disturbances.  All  tubing  in  the  chromatographic  system  were  of  stainless  steel  since  the  commonly 
used  teflon  tubing  at  the  pump  inlet  is  easily  penetrated  by  oxygen.  The  mobile  phase  was 
continously  deoxygenated  with  argon. 

Chromatograms  were  recorded  on  a  Kipp  &  Zonen  strip  chart  recorder  or  on  a  Spectra  Physics  (SP 
4290)  integrator. 


COLUMN 


A  =  Auxiliary  electrode 
B  =  Kel-F  block 
G  =  Teflon  gasket,  50  um 
R  =  Ag/AgCl-Reference  electrode 
W1,  W2  =  Working  electrodes 


w1 


C 


Fig.  1.  Cross  section  of  the  dual  electrode  amperometric  cell. 
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Reagents. 

All  solvents  used  were  of  pro  analysi  grade  and  purchased  from  Merck.  4-nitrodiphenylamir.e  and 
2-nitrodiphenylamine  were  purchased  from  Aldrich  and  used  as  received.  Higher  nitrated 
derivatives  of  DPA  were  supplied  by  Nobel  Chemicals. 

Cartridges. 

The  cartridges  were  constructed  of  a  liorosilicate  glass  tube  with  a  diameter  of  17mm.  The  glass 
tubes  were  equipped  with  conical  ground  joints  (NS  14)  and  glass  filters  (porosity  2)  according  to 
fig.  2.  The  cartridges  were  packed  with  2g  30/60  mesh  Florisil  (magnesium  silicate,  Fluka  AG) 
coated  with  DPA.  Die  coating  was  done  by  treating  lOg  of  Florisil  with  100ml  mtthylenechloride 
containing  300mg  DPA.  After  about  one  hour,  the  methylenechloride  was  slowly  evaporated.  The 
coated  Florisil  was  then  stored  in  dark  ready  for  use  in  the  cartridge. 

Collection  of  nitrogen  dioxide. 

The  cartridges  were  used  during  the  Dutch  stability  test  described  in  the  Eofors  textbook  on  analysis 
of  explosives3.  In  this  test,  4g  samples  are  heated  under  standardized  conditions  in  a  test  tube.  The 
first  8  hours  the  test  tube  should  be  open  to  allow  moisture  to  evaporate.  After  8  hours  the  cartridge 
is  placed  on  the  test  tube  and  the  storage  is  continued.  After  every  24  hours  a  test  tube  with  cartridge 
was  removed  and  the  cartridge  was  analysed  for  fomied  nitroso-  and  nitrodiphenylamine 
derivatives. 
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Glass  filter 


Fig.  2.  Cartridge  containing  Florisil  coated  with  diphenylaminc. 
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Preparations  of  samples. 

The  cartridges  were  eluted  with  methanol  and  the  received  solutions  were  diluted  to  100ml. 

For  the  polarographic  determinations,  20ml  of  the  clear  sample  solution  was  diluted  to  50ml  with 
10ml  methanol,  5ml  1M  ammonium  acetate  and  distilled  water.  The  methanol  concentration  in  the 
sample  solutions  must  be  at  least  60%  in  order  to  avoid  precipitation  of  the  analytes. 

For  the  chromatographic  analysis  the  sample  solutions  were  diluted  with  mobile  phase  directly. 
Sufficient  dilution  factors  for  analysis  were  in  the  interval  10-50.  Deoxygenation  prior  to  injection 
into  the  LCEC  system  was  necessary  for  samples  requiring  high  sensitivity  settings.  This  was 
accomplished  by  purging  the  samples  with  argon  immediately  before  injection  as  described 
elsewhere4.  The  mobile  phase  composition  was  60%  0.1M  m-chloroacetic  acid  buffer  (pH  2.7), 
26%  2-propanol  and  14%  acetonitrile. 

RESULTS  AND  DISCUSSION 

The  reduction  of  the  aromatic  nitro  group  is  an  irreversible  four  electron  process.  The  reduction 
gives  hydroxylamines  as  the  major  products  in  acidic  media5'7.  N-nitrosoamines  are  also  reduced 
to  a  hydroxylamine. 

R-N02+ 4 ,H* + 4e'  -»  R  -  NHOH + H20  (/) 

R  -NO  +  2H*+2e~ ->  R  -NHOH  (II) 

The  reductions  can  involve  a  further  step  giving  an  amine  as  product  depending  upon  pH  of  the 
solution  and  its  composition.  DPA  itself  is  not  electrochemically  reduced  but  it  can  be  oxidized  at 
potentials  >0.8V8. 

The  polarographic  determinations  can  be  performed  either  by  direct  current  (DC)  or  differential 
pulse  (DP)  polarography.  Linear  calibration  curves  are  obtained  for  N-nitrosodiphenylamine  and 
the  nitroderivatives  in  the  medium  specified  in  the  experimental  section. 

The  reaction  mechanism  for  the  reaction  between  NO,  and  DPA  in  the  cartridge  appears  to  be 
similar  to  the  mechanism  in  aging  propellants.  In  this  mechanism,  the  first  derivatives  formed  are 
N-nitrosodiphenylamine,  4-nitrodiphenylamine  and  2-nitrodiphenyIamine,’,°.  The  major  product 
in  the  early  stages  of  aging  is  N-nitrosodiphenylamine.  Fig.  3  shows  DC-  and  DP-polarograms  for 
a  sample  that  has  been  stored  for  150  hours  at  1 10’C.  The  polarograms  verifies  that  this  mechanism 
is  also  valid  for  the  DPA  in  the  cartridge.  The  DC-polarogram  reveals  two  reduction  waves:  the 
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first  wave  at  -0.5V  results  from  the  reduction  of  2-  and  4-nitrodiphenylamine  and  the  second  wave 
at  -1.0V  results  from  the  reduction  of  N-nitrosodiphenylanune.  Fig.  3B  illustrates  the  selectivity  of 
DP-polarography.  N-nitrosodiphenylamine  can  be  analysed  in  the  samples  without  involving  a 
separation  step  by  using  DP-polarography.  The  peak  at  about  -1.0V  in  fig.  3B  shows  that 
N-nitrosodiphenylamine  is  the  major  derivative  formed  and  the  double  peak  at  -0.4  -  -0.6  V  indicates 
the  presence  of  2-  and  4-nitrodiphenylamine.  Since  the  N-nitrosodiphenylamine  is  the  major 
derivative  formed,  it  was  used  as  reference  substance  to  evaluate  the  amount  of  N02  generated  by 
the  propellant  sample.  The  nitroderivatives,  however,  has  to  be  separated  by  liquid  chromatography. 


Fig.  3.  Direct  current  poiarogram  (A)  and  differential  pulse  polarogram  (B)  from  the  determination 
of  nitroso-  and  nitroderivatives. 


The  cartridges  was  also  analysed  by  LCEC  in  order  to  study  the  formation  of  the  different 
nitroderivatives.  An  example  of  a  chromatogram  of  a  sample  stored  at  105*C  for  192  hours  (8  days) 
is  shown  in  fig.  4.  At  this  point,  higher  nitrated  derivatives  has  appeared.  This  could  also  be  directly 
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observed  by  the  change  of  colour  on  the  cartridge.  As  the  higher  nitrated  derivatives  are  formed  the 
cartridges  turned  more  and  more  yellow.  Fig.  4  also  shows  the  selectivity  of  the  dual  electrode 
amperometric  detector.  The  only  compounds  in  the  samples  that  gives  a  measurable  signal  at  +0.6V 
are  the  nitroderivatives  which  has  been  reduced  to  hydroxylamines  at  Wl.  The  oxidation  of  the 
hydroxylamines  at  +0.6Y  is  the  reverse  of  reaction  II  above.  The  applied  potential  of  +0.6V  is  not 
sufficient  to  oxidize  the  DPA  present  in  the  samples.  The  high  amount  of  DPA  gives  only  a  minor 
disturbance  on  the  baseline  at  about  7.5  minutes. 


Fig.  4.  Chromatogram  from  a  double  base  propellant  stored  for  8  days  at  105'C.  Potentiostat 
settings:  Wl  =  -1.0V  and  W2  =  +0.6V,  Column:  Chrompack  10cm  x  0.3cm  I.D.  Chromspher-18. 
Flow  rate  =  0.4ml/min. 
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The  results  from  investigations  of  single  base  propellants  are  summarized  in  fig.  5.  It  can  be  seen 
from  the  results  that  a  total  loss  in  weight  of  2%  corresponds  to  a  formation  of  about  2mg  N02  per 
Ig  single  base  propellant.  It  is  also  obvious  that  a  relationship  applies  between  the  total  loss  in 
weight  and  the  amount  of  formed  N02.  The  results  also  indicate  that  a  single  base  propellant 
stabilized  with  acardite  II  is  more  stable  than  a  propellant  stabilized  with  DPA.  Note  that  the 
propellants  are  stabilized  with  different  amounts  of  stabilizers. 

This  method  is  also  applicable  to  field  sampling  and  determination  of  N02  in  ammunition  plants 
and  storages.  At  the  moment,  work  is  continued  on  this  matter  at  Nobel  Chemicals. 


Fig.  5.  Results  from  some  determinations  of  loss  in  weight  and  N02  generated  in  single  base 
propellants.  All  =  acardite  II,  DPA  =  diphenylamine,  Cl  =  centralite  I. 
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PROCESSING  THE  POST-BLAST  SCENE: 

AN  INTEGRATED  APPROACH 

J.S.  Dealt,  H.  Clark,  C.  Dagens,  J.J.  Gaudet, 
B.W.  Richardson 

Royal  Canadian  Mounted  Police,  Ottawa,  CDN 


ABSTRACT 

The  R.C.M.P.  has  recently  created  a  National  Response  Team 
to  attend  the  scene  of  major  explosions  in  the  jurisdiction 
of  the  federal  police  force. 

Details  of  the  R.C.M.P.  approach  will  be  discussed,  including 
the  roles  of  the  various  participants,  as  well  as  the  develop¬ 
ment  of  an  in-situ  headspace  sampling  procedure  and  the  use  of 
photogrammetry  to  record  the  scene. 
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IDENTIFICATION  AND  CHARACTERIZATION  OF  FLASH  POWDERS 

Charles  R.  Midkiff  Jr. 

Forensic  Science  Laboratory 

National  Laboratory  Center 

Bureau  of  Alcohol,  Tobacco  and  Firearms 

Rockville,  MD  20850 

ABSTRACT 

Flash  powders  are  simple  mixtures  widely  used  in  commercial 
fireworks  and  military  simulators  and  increasingly  being 
encountered  in  destructive  devices.  Although  generally  considered 
as  low  explosives,  some  formulations  will  detonate.  Recently  there 
has  been  interest  in  the  potential  hazards  of  these  materials  and 
approaches  to  their  examination  in  the  forensic  laboratory  are 
needed. 

Formulations  consist  of  a  metal  fuel,  an  oxidizer  and/or 
additives  and  fillers.  When  sufficient  sample  is  available,  flash 
powders  are  identified  with  simple  chemical  tests  for  the  fuel  and 
oxidizer  type.  Characterization  depends  on  identification  of 
unusual  oxidizers,  additives  and  fillers  present.  Post-detonation 
residues  pose  a  greater  challenge,  requiring  more  sensitive 
analytical  methodology  and  familiarity  with  typical  formulations 
and  combustion/decomposition  products.  A  variety  of  chemical  tests 
and  instrumental  methods  have  been  evaluated  for  specificity  and 
sensitivity  and  those  suitable  for  identification  and 
characterization  of  intact  powders  and  post-blast  residues 
identified. 

1 .  INTRODUCTION 

In  1978  Meyers1  described  an  approach  to  the  identification 
and  characterization  of  flash  powders.  Since  that  time,  flash 
powders  have  been  increasingly  encountered  in  explosives  evidence, 
in  intact  devices  or  as  post-detonation  residues.  In  addition, 
several  recent  cases  have  involved  formulations  differing  from 
those  normally  seen. 

Flash  powders  of  the  type  usually  encountered  in  the  forensic 
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laboratory  are  designed  to  produce  a  flash  of  light  accompanied  by 
a  loud  report.  In  fireworks,  for  example,  “Chinese  Firecrackers" 
the  filler  may  be  described  as  flashlight  powder.  The  term 
"photoflash  powders"  is  better  used  to  describe  mixtures  with  lower 
levels  of  oxidizer  and  designed  primarily  for  illumination.  Among 
other  materials  that  may  be  encountered  as  "flash  powder"  are 
whistle  compositions.  These  are  typically  mixtures  of  an  oxidizer, 
such  as  a  perchlorate  and  a  fuel;  an  organic  compound  or  a  salt  of 
an  organic  acid  (gallic  acid,  red  gum,  or  a  benzoate,  biphthalate, 
or  salicylate  salt).  Although  apparently  innocuous,  these 
materials  are  reported  to  be  very  sensitive  to  ignition  and  should 
be  handled  accordingly. 

Explosive  type  (sometimes  referred  to  as  "flash  and  sound") 
flash  powders  have  a  variety  of  compositions  and  applications, 
ranging  from  commercial  fireworks  and  military  training  simulators 
to  clandestinely  manufactured  explosive  devices  such  as  "Cherry 
Bombs'*  and  “M-80's".  In  the  United  States,  the  latter  are  illegal 
in  every  state  and  each  year  are  responsible  for  nymerous  injuries 
and  some  fatalities.  The  term  M-80  rigorously  describes  a  military 
training  simulator  containing  about  3  grams  of  flash  powder  but  is 
widely  used  as  a  name  for  a  type  of  illicitly  produced  explosive 
device  containing  flash  powder  as  the  main  charge.  Larger  versions 
of  similar  devices  are  frequently  known  as  M-100's,  M-1000's  or 
"Quarter  Sticks".  These  devices  are  easily  and  cheaply  produced 
for  a  profitable  underground  market.  Military  training  devices 
encountered  are  typically  simulators  for  grenades  and  tank  gunfire. 
These  may  contain  up  to  two  ounces  (57  grams)  of  flash  powder  and 
when  initiated  in  close  quarters  are  capable  of  serious  injury  and 
property  damage.  A  device  resembling  an  M-80  in  appearance  is 
known  as  a  "Pyro-pop";  however,  internally  the  charge  is  contained 
in  a  gelatin  capsule  of  the  type  used  for  medication.  In  these 
devices,  only  a  small  amount  of  neat  flash  powder  is  present  and 
is  physically  separated  from  the  bulk  filler  material,  whereas  m 
M-80  type  devices  the  powder  and  filler  material  are  admixed. 

Flash  powders  are  simple  mechanical  mixtures  of  an  oxidizer 
and  a  metallic  fuel  such  as  aluminum  or  magnesium  or  an  alloy  of 
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these.  Components  may  be  added  to  facilitate  ignition  and  a 
material  to  add  bulk  and  prevent  caking,  referred  to  as  the  filler, 
is  normally  used  in  the  M-80  type  devices.  Although  flash  powders 
have  traditionally  been  considered  as  pyrotechnics  or  low 
explosives,  it  has  been  known  for  some  time  that  certain 
formulations  in  small  diameter  tubes  attain  detonation  velocities 
of  4600-4800  m/sec.2  This  is  within  the  range  of  velocities 
(1,900-9,150  m/sec)  of  established  high  explosives.  Flash  powders 
can  also  be  made  to  detonate  unconfined  if  present  in  sufficient 
bulk3  or  by  use  of  a  blasting  cap.  Recently,  the  Bureau  of 
Alcohol,  Tobacco  and  Firearms  has  proposed  that,  for  purposes  of 
processing  and  storage,  flash  powders  used  in  the  fireworks 
industry  be  considered  as  high  explosives4.  An  additional  hazard 
with  these  materials  is  that,  compared  to  conventional  high 
explosives,  flash  powder  formulations  are  more  sensitive  to 
initiation  by  friction  and  impact.  When  these  materials  are  being 
examined  in  the  laboratory,  care  should  be  taken  to  avoid  static 
and  friction  as  potential  ignition  sources. 

2.  TYPES  OF  FLASH  POWDERS 

Flash  powders  can  be  categorized  by  the  oxidizer  used  or,  less 
frequently,  by  the  type  of  metallic  fuel.  Typical  oxidizers  and 
fuels  are  shown  in  Table  1.  Of  these,  the  most  common  is  potassium 
perchlorate  as  the  oxidizer  and  aluminum  (flake  and/or  atomized) 
as  the  fuel.  Several  of  the  oxidizers  shown  are  unlikely  to  be 
used  in  commercial  or  military  pyrotechnics  but  could  be 
encountered  in  the  examination  of  improvised  devices.  Particle 
size  and  shape  have  a  significant  effect  on  the  burning 
characteristics  of  flash  powder.  In  general,  for  a  given 
formulation,  burning  rate  increases  with  increased  surface  area. 
This  is  attained  either  through  a  decrease  in  overall  particle  size 
or  modification  of  particle  morphology,  e.g.  thinning  of  the  metal 
by  rolling.  Flaked  aluminum  has  greater  surface  area  per  unit 
weight  than  atomized  material  and  is  preferable,  although  for 
certain  applications,  a  mixture  of  particle  sizes  or  shapes  may  be 
used.  Potassium  or  sodium  chlorate  are  infrequent  in  U.  S. 
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domestic  products  because  of  the  instability  of  mixtures  of 
chlorates  with  sulfur. 5,6  Identification  of  chlorate  as  the  oxidizer 
thus  suggests  either  an  imported  or  improvised  product.  Sodium 
nitrate  is  seldom  used  because  of  its  hygroscopicity  but  is 
effective  if  kept  moisture  free.  Although  potentially  useful  as 
oxidizers,  neither  ammonium  nitrate  or  perchlorate  appear  to  have 
significant  use  in  flash  powders.  Additives  to  facilitate  ease  of 
ignition  include  wood  shavings,  sulfur  or  antimony  sulfide.  Bulk 
additives  for  M-80  type  devices  are  often  cellulosic  materials  such 
as  sawdust,  wood  shavings  or  meal,  ground  corn  cobs  (Grit-o-Cob) 
or  grain  hulls.  Although  these  materials  serve  as  additional  fuel, 
they  are  principally  fillers  to  add  bulk  and  prevent  caking. 
Several  typical  flash  powder  formulations  are  shown  in  Table  2. 

3.  ANALYSIS  and  CHARACTERIZATION 

Intact  flash  powder  is  silvery-gray  to  black  in  color  and 
under  magnification  can  be  seen  to  be  a  mixture  of  two  or  more 
components.  A  small  portion  of  the  sample  can  be  placed  on  a 
spatula  and  heated  to  ignition,  or  more  conveniently,  folded  into 
a  piece  of  filter  paper,  held  in  forceps  and  ignited.  Ignition 
gives  a  bright  flash,  occasionally  with  sparkles.  When  a  few 
milligrams  of  sample  are  added  to  a  vial  containing  water,  a 
portion  of  the  material  dissolves  while  most  of  the  metal  and 
filler  material,  if  present,  float.  The  metal  is  held  up  by  surface 
tension  but  the  filler  slowly  becomes  wetted  and  sinks. 

When  intact  powder  is  available,  a  series  of  chemical  tests  serve 
to  identify  the  material  and  provide  characterizing  information. 
With  only  small  amounts  of  residues,  however,  greater  sensitivity 
than  available  in  simple  tests  may  be  required. 

Chemical  testing  of  neat  flash  powder  begins  by  extraction  of 
about  100  milligrams  of  the  powder  in  a  small  vial  with  about  lmL 
of  water.  The  sample  is  heated  in  a  water  bath  to  ensure  solution 
of  perchlorates,  which  have  limited  solubility  at  room  temperature. 
The  sample  is  filtered  through  #41  filter  paper  and  the  extract 
collected.  Residue  on  the  filter  paper  is  washed  with  a  few  drops 
of  hot  water  and  the  paper  allowed  to  air  dry.  Cations  are 
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development  of  a  rose  color  is  indicative  of  nitrates.  Because  of 
the  reported  carcinogenicity  of  alpha-naphthylamine ,  1 -naphthyl 
ethylene  diamine  has  been  used  for  several  years  in  our  laboratory 
with  no  apparent  loss  in  sensitivity  or  specificity.  Chlorate  in 
solution  is  identified  by  the  aniline  sulfate  test  which  forms  a 
blue  ring  at  the  interface  of  acid  and  aqueous  phases.  This  test 
resembles  the  brown  ring  test  for  nitrates  which  is  also  useful  if 
further  verification  of  nitrates  is  desired.  For  safety  reasons, 
testing  of  solid  chlorate  samples  as  described  in  reference  9  is 
not  recommended. 

Although  no  longer  as  widely  used  in  the  forensic  laboratory 
as  in  the  past,  microcrystalline  tests  are  simple  and  fast,  require 
no  elaborate  equipment  and  can  have  high  specificity.  A  major 
limitation  of  many  of  these  is  sensitivity,  however,  when  water 
extracts  of  flash  powders  are  examined,  adequate  concentrations  of 
chlorate,  nitrate  or  perchlorate  are  available.  One  useful  test 
is  the  formation  of  characteristic  crystals  with  Nitron.  A  drop 
of  the  water  extract  is  placed  on  a  microscope  slide  and  a  drop  of 
Nitron  reagent  added  so  that  it  flows  into  the  test  solution. 
Initially,  blade-like  crystals  are  formed  with  chlorate  or 
perchlorate  and  these  grow  into  clusters.  Nitron  also  forms 
crystals  with  nitrate  but  these  are  fine  needles  in  clusters.  In 
the  presence  of  high  levels  of  nitrate,  chlorate  or  perchlorate 
crystals  may  be  obscured,  however,  if  other  tests  have  eliminated 
nitrate  or  chlorate  as  the  oxidizer.  Nitron  is  a  useful  indicator 
of  perchlorate.  Sensitivity  of  the  test  for  perchlorate  is  about 
1000  ppm.  Chlorate  sensitivity  is  somewhat  less,  probably  only 
about  2500  ppm.  No  crystals  are  obtained  with  Nitron  and  10,000 
ppm  of  nitrite,  sulfate,  chloride,  carbonate  or  bicarbonate  alone, 
ions  which  might  be  expected  in  flash  powder  residues. 

The  cupric  tetrapyridine  perchlorate  salt  precipitates  from 
aqueous  solutions  of  perchlorates 6  at  concentrations  above  about 
2500  ppm.  The  crystals  are  lavender  rhomboids,  intially  as  single 
crystals  but  later  forming  clusters.  Specificity  of  the  test  is 
good  with  no  crystal  formation  with  10,000  ppm  of  chlorate, 
nitrate,  nitrite,  sulfate,  chloride,  carbonate  or  bicarbonate. 
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identified  by  a  simple  flame  test  of  the  aqueous  extract  using  a 
platinum  wire  cleaned  with  dilute  HCl  prior  to  the  test.  Potassium 
gives  a  brief  lavender  flame  color  which  is  readily  observed  for 
extracts  of  potassium  chlorate  or  perchlorate  based  mixtures.  If; 
however,  the  flame  color  is  bright  yellow,  a  cobalt  glass  plate  or 
blue  optical  filter  should  be  used  to  remove  obscuration  by  the 
intense  589nm  emission  of  sodium.  The  violet  color  of  potassium, 
if  present,  can  be  seen  through  the  glass.  Barium  salts  are 
indicated  by  a  weak  green  color  in  the  outer  edge  of  the  burner 
flame.  Vogel9  contains  an  excellent  discussion  of  flame  tests; 
concepts,  conduct,  and  observed  colors  with  and  without  a  cobalt 
glass . 

For  intact  powder  extracts,  simple  spot  tests  supplement  the 
flame  test  results.  Many  of  these  are  routinely  applied  to 
explosive  and  explosive  residue  analyses.10'12  Ammonium  ion  is 
identified  by  a  Messier  test  (red-brown  precipitate)  in  a  white 
spot  plate.  Barium  produces  a  white  precipitate  or  turbidity, 
depending  upon  concentration,  when  cone.  HjSO,  is  added  to  a  few 
drops  of  the  extract  in  a  small  vial.  Formation  of  a  red  color 
with  sodium  rhodizonate,  ethanol  and  HCl  may  also  be  used  to 
detect/confirm  the  presence  of  barium. 

Spot  tests  are  also  convenient  to  identify  oxidizing  anions, 
particularly  with  anion  concentrations  of  about  1%  (easily  obtained 
with  water  extraction  of  the  intact  powder).  Diphenylamine  (DPA) 
in  cone.  gives  a  blue  color  with  nitrate  (immediate  and 
permanent),  chlorate  (weak  blue)  and  nitrite  (blue  which  fades  to 
yellovlsh).  Mixtures  containing  perchlorate  alone  as  the  oxidizer 
give  no  blue  color  with  DPA  but,  if  mixed  oxidizers  are  present, 
the  development  of  a  blue  color  does  not  exclude  perchlorate.  A 
useful  test  to  distinguish  chlorate  and  perchlorate  is  the 
formation  of  a  colored  complex  with  the  dye  Brilliant  Green. 13  The 
perchlorate  complex  can  be  extracted  from  the  aqueous  phase  into 
toluene  whereas  the  chlorate  complex  is  not  extractable.  Although 
sensitive,  serious  interference  is  caused  by  nitrate,  nitrite  and 
other  strong  oxidizing  agents.  The  Gries*'  test  is  specific  for 
nitrites  and,  when  modified  by  the  addition  of  fine  zinc  powder. 
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Parker  et  al8  reported  no  interference  with  bromide  or  iodide, 
however,  levels  of  potentially  interf erring  species  studied  were 
not  indicated. 

A  violet  precipitate  with  methylene  blue  and  zinc  sulfate  is 
a  useful  spot  test  if  perchlorate  concentration  is  relatively  high 
but  better  sensitivity  and  specificity  are  obtained  when  the 
reaction  is  used  as  a  microcrystal  test.  At  solution 
concentrations  of  about  500  ppm,  thin  violet  needles  are  formed  in 
1-2  minutes  and  are  a  good  indication  of  perchlorate.  At  this 
level,  no  interference  in  crystal  formation  was  observed  in  the 
presence  of  5000  ppm  of  chloride,  sulfate,  carbonate,  nitrate, 
nitrite  or  chlorate.  No  crystals  formed  with  the  reagents  alone 
and  a  10,000  ppm  solution  of  each  ion.  Interference  by  persulfate 
has  been  reported;  however,  if  suspected,  the  solution  can  be 
boiled  for  several  minutes  to  destroy  the  persulfate  and  retested. 

At  concentrations  of  about  500  ppm,  perchlorate  readily  forms 
long  white  crystals  with  triphenylselenonium  chloride  (saturated 
solution  in  water) . 13  Some  of  these  will  develop  a  distinctive  fan 
structure.  Specificity  for  perchlorate  is  good  and  no  crystals 
form  with  10,000  ppm  of  Cl',  C103',  N03‘,  N02',  C03*  or  S04“. 

Terchlorate  forms  red  mixed  crystals  of  rubidium  perchlorate 
and  permanganate  when  solid  rubidium  chloride  and  potassium 
permanganate  are  added  to  a  drop  of  a  perchlorate  solution. 14  The 
crystals  are  prisms  or  bipyramids  with  the  intensity  of  the  color 
related  to  the  permanganate  concentration.  Although  specific  for 
perchlorate,  the  test  is  not  highly  sensitive.  A  lower  range  of 
1,000  ppm  appears  optimistic  and  crystals  are  not  reliably  obtained 
below  about  3,000  ppm. 

Table  3  summarizes  results  obtained  in  the  evaluation  of 
spot/microcrystal  tests  for  chlorate  and  perchlorate. 

If  confirmation  of  the  cation  is  needed,  sodium  may  be 
identified  by  the  formation  of  pyramidal  crystals,  often  twinned, 
with  zinc  uranyl  acetate.  The  crystals  exhibit  yellow-green 
fluoresence  under  long-wave  (IV.  No  crystals  are  formed  with 
potassium.  Potassium  is  identified  from  the  yellow  precipitate 
formed  with  sodium  cobaltinitrite . 
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A  portion  of  the  filtrate  can  be  evaporated  to  dryness  and 
the  solid  examined  by  infrared  (IR)  spectroscopy  or  by  X-ray 
diffraction  (XRD)  to  verify  the  identification  of  the  oxidizer. 
Comparison  is  made  with  either  laboratory  generated  or  literature 
reference  spectra.  The  former  approach  is  preferable  because 
spectra  in  the  older  literature  were  generated  with  instruments 
lacking  the  definition  of  current  spectrometers.  Even  when 
sufficient  sample  is  available  for  an  IR  or  XRD,  the  approach  works 
well  only  for  mixtures  containing  a  single  water  soluble  oxidizer. 
Mixed  oxidizers  result  in  complex  patterns  to  interpret  and 
identification  of  the  original  compounds  is  difficult  when  two  or 
more  cations  and  anions  are  present  in  the  extract. 

The  dried  filter  is  treated  with  pyridine  to  dissolve  sulfur, 
if  present,  and  the  pyridine  extract  collected.  A  few  drops  of  10% 
NaOH  solution  or  sat'd  NaHC03  are  added  to  the  pyridine  extract. 
The  development  of  a  blue -green  to  brown  color,  depending  on 
concentration,  is  indicative  of  sulfur.  A  small  portion  of  the 
metal  on  the  filter  is  mechanically  transferred  to  a  spot  plate, 
tested  with  a  few  drops  of  10%  NaOH  and  observed  under  low 
magnification.  Aluminum  releases  bubbles  of  hydrogen  almost 
immediately.  Zinc  reacts  very  slowly  and  magnesium  is  unreactive. 
A  second  portion  of  the  metal  is  tested  with  1:1  HC1;  zinc  and 
magnesium  often  react  promptly  but  aluminum  has  an  induction  period 
before  bubbles  are  observed. 

The  Mg/Al  (50:50)  alloy  used  in  some  pyrotechnics  reacts 
immediately  and  vigorously  with  1:1  HC1  but  more  slowly  with  NaOH 
than  aluminum  alone.  When  this  behavior  is  observed,  further 
testing  of  the  metal  should  be  conducted,  either  by  chemical  or 
instrumental  tests.  Atomic  absorption,  plasma  or  conventional 
emission  spectroscopy,  or  atomic  or  X-ray  fluorescence  easily 
demonstrate  that  the  metal  is  an  alloy.  With  only  a  limited  sample 
available,  SEM/EDAX  is  attractive  to  characterize  an  alloy. 

The  filter  is  treated  with  several  ml  of  1:1  HC1  to  dissolve 
the  metal  remaining.  If  antimony  sulfide  is  present,  an  odor  of 
HjS  may  be  noted  and  confirmed  with  moist  lead  acetate  paper. 
Aluminum  in  the  acid  solution  is  identified  by  the  fluorescent 
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complex  with  morin,  magnesium  by  a  blue  precipitate  with 
quinalizarin  and  antimony  with  triphenylmethylarsonium  iodide  or 
Rhodamine  B.15  An  orange  precipitate  is  formed  by  antimony  in  the 
presence  of  Triphenylmethylarsonium  iodide  (Pfaltz  &  Bauer  M29900) 
whereas  a  violet  precipitate  is  formed  with  Rhodamine  B  in  cone. 
HC1.  The  material  remaining  on  the  filter  will  be  essentially 
inert  filler  material  and  is  identified  by  microscopic  examination 
and  comparison.  A  collection  of  common  bulking/filler  materials 
mounted  on  slides  is  useful  for  this  purpose.  Tables  4a  and  4b 
comprise  a  flow  chart  or  schematic  suitable  for  the  examination  of 
intact  flash  prwders. 

For  examination  of  post-detonation  residues,  the  tests 
previously  described  are  applicable  when  sufficient  material  is 
available;  however,  this  is  often  not  the  situation.  Typically, 
the  evidentiary  material,  e.g.  cardboard  or  plastic  fragments, 
paper,  pipe,  etc  is  first  examined  under  low  magnification,  (10— 
30X)  and  material  of  interest  identified  for  testing.  Residues  are 
usually  seen  as  a  grey  powder  or  traces  of  the  metal  deposited  as 
a  thin  film  on  the  surface  of  the  device  container  or  on  objects 
adjacent  to  the  device  location.  The  powder  may  be  removed  by 
scraping  but,  although  the  film  of  shiny  metal  is  readily  observed 
under  low  magnification,  it  may  be  difficult  to  remove.  After 
physical  removal  of  residue  particles  for  testing,  the  surface  area 
is  rinsed  with  warm  water.  If  the  metal  is  not  removed  by  rinsing, 
it  can  be  tested  in-situ  with  drops  of  10%  NaOH  or  1:1  HC1  and  the 
results  observed  under  low  magnification.  The  rinse  solution  is 
filtered  and  concentrated  by  slow  evaporation  if  needed.  A  flame 
test  gives  preliminary  identification  of  the  cation.  With  the 
cobalt  glass  to  remove  obscuration,  potassium  is  easily  seen  at  100 
ppm  or  less.  Because  of  the  ubiquitous  nature  of  sodium,  it  is 
difficult  to  assign  significance  to  ppm  levels  of  sodium  unless 
suitable  control  samples  are  available  for  comparison.  A  spot  test 
with  AgN03  is  useful  as  a  screen  for  chloride  ion,  the  major 
decomposition  product  of  chlorate  and  perchlorate  and  may  indicate 
the  use  of  these  as  oxidizers.  Weak  tests,  however,  should  be 
interpreted  with  caution  and  consideration  given  to  the  nature  of 


the  surface  from  which  the  residue  was  extracted.  One  reference 
indicates,  that  while  chlorates  are  detectable  post-blast,  "There 
is  no  possibility  of  detecting  perchlorate  after  an  explosion, 
because  it  is  converted  to  chloride  and  oxide  salts." 1S.  Total 
inability  to  detect  chlorates  or  perchlorates  post-blast  has  not 
been  our  experience.  Despite  extensive  conversion  to  chloride, 
either  may  be  detected  in  residues  from  flash  powder  made  with 
these  oxidizers. 

The  filtrate  or  a  warm  water  extract  of  physically  removed 
particulate  residue  can  be  examined  using  the  tests  previously 
described.  Because  of  the  limited  sensitivity  of  some  of  these, 
however,  they  are  not  as  successful  as  more  sensitive  instrumental 
methods.  As  with  the  intact  powder,  the  filter  paper  should  be 
examined  for  the  presence  of  the  metal  fuel.  Little  work  has  been 
reported  on  the  identification  of  characteristic  or  typical 
combustion  products  of  flash  powders.  Of  potential  interest  would 
be  aluminum  oxide  (major),  antimony  compounds  (traces),  carbonates 
from  combustion  of  the  bulk/filler  material  and  sulfates  from  both 
sulfur  and  antimony  sulfide. 

Ion  chromatography  (IC)  is  well  suited  to  the  examination  of 
post-blast  residues  of  low  explosives.16  It  provides  working 
detectibility  of  about  10  ppm  for  K+  and  5  ppm  for  Na+  or  NH4*.  It 
is  routinely  used  in  our  laboratory  for  examination  of  aqueous 
extracts  of  evidentiary  debris.  IC  is  equally  suited  to  the 
examination  of  extracts  for  oxidizing  anions  such  as  perchlorate, 
chlorate  or  chloride.*7  We  employ  chemically  suppressed  ion 
chromatography  to  detect:  f.  Cl',  N02',  Br',  N03‘,  HP04’  and  S04"  in 
a  single  injection.  Perchlorate  is  determined  in  a  second  sample 
using  a  different  eluent  system  and  seperator  column.  The  working 
range  is  below  20  ppm  for  each  ion.  Recent  developments  in  single 
column  ion  chromatography  suggest  that  it  is  applicable  to  these 
types  of  analyses  and  is  a  less  expensive  approach  than  methodology 
requiring  a  suppressor  column. 
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4 .  CONCLUSION 

Flash  powders  are  simple,  yet  potent,  explosives  available 
from  a  variety  of  military  or  commercial  sources.  Because  of  their 
simple  composition,  they  are  easily  improvised.  As  intact  mixtures 
or  as  post-blast  residues,  flash  powders  are  encountered  as 
physical  evidence  in  the  forensic  laboratory.  Using  a  series  of 
chemical  spot,  flame  and  microcrystal  tests;  the  oxidizer,  fuel, 
and  additives  may  be  identified.  From  this  information,  the  powder 
may  be  placed  in  one  of  several  classes.  Minor  components  refine 
the  classification  while  identification  of  the  filler  material,  if 
any,  assists  in  comparison  of  a  known  and  questioned  sample. 
Because  of  their  availability,  flash  powders  are  present  in  a  wide 
range  of  cases  and  may  be  received  for  analysis  even  by  a 
laboratory  normally  doing  few  explosive-related  examinations.  With 
relatively  simple  techniques,  available  reagents  and  minimal 
instrumentation,  even  the  smallest  forensic  laboratory  should  be 
able  to  successfully  examine  and  characterize  flash  powder. 
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Table  1 


OXIDIZERS  and 

FUELS 

Oxidizers 

Common 

KC103 

KC104 

Ba(N03)2 

Infrequent 

KNOj 

NaNOj 

NaClOj  NaC104 

Rare 

Candidate 

CsN03 
NH  «NOj 

NH^104 

Ba(C104)  2 

Fuels 

A1 

Mg 

alloy  (50:50) 

Table  2 


REPRESENTATIVE  FLASH  POWDER  FORMULATIONS 


Formulation 

%  by  Weight 

Reference 

Usage 

A  KC104 

50% 

3 

simulator 

Magnesium 

17 

Sb^j 

33 

B  KC104 

64 

3 

simulator 

Aluminum 

22.5 

Sulfur 

10 

SbjSj 

3.5 

C  KC103 

43 

7 

aerial  display 

Aluminum 

31 

Sulfur 

26 

D  KC104 

50 

3 

aerial  display 

Aluminum 

23 

Sulfur 

27 

E  Ba(N03)  2 

78 

8 

simulator 

A1  (Grade  A) 

j 

A1  (Grade  B) 

12 

Sulfur 

5 

Castor  Oil 

2 

5/3/89 


Sensitivity/Selectivity  of  Spot/Microcrystal  Tests 


Anion 

Reagent (s) 

Detection 

reported 

(ppm) 

found 

Interference 

cio3- 

Nitron 

N/A 

2500 

C104',  NO 3' 

C104‘ 

Copper  tetra- 
pyridine 

N/A 

2500 

Methylene 

blue 

N/A 

500 

sp8‘ 

Nitron 

N/A 

1000 

C103',  N03‘ 

Rubidium 

permanganate 

1000 

3000 

Triphenyl - 
selenium 

200 

500 
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* 

table  4a 

INTACT  POWDER  ANALYSIS 


Powder,  c.  100  mg 
I 


Extract  w/  warm  H=0,  a.  1  mL 
filter 
I 


filtrate 

I 

I 


Flame  test  Anion 

I  I 

Yellow:  Sodium  I 

Green :  Barium  I 

Violet  (Co):  K  1 

i 


diphenylamine 

I 

I 


residue 

I 


. . .  "'i  See:  Table  4b 

I  - 

Cation 

I 

i 1 1  ■* . . . . .  "i 

I  I 

HaS0.»  Zinc  Uranyl  Acetate 
I  I 

White  ppt  Fluorescent 

Barium  crystals 

Sodium 


blue  color 

I 

i - , 

I  I 

Greiss  (Mod. )  Aniline  Sulfate 
I  i 

Pink:  NOa-  Blue  ring:  CIO*- 
w/Zn:  N&*- 


I 

no  color 

I  V 

*  lit.  • 

Methylerye  Bribe 

I 

Violet  ppt /crystals :  CIO*- 
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filtrate 


—  See:  Table  4a  — 


residue 

I 

dry,  pyridine 
filter 

I 


residue 

I 

I 


filtrate 

I 

10%  NaOH 
brown :  S° 


1:1  HC1,  filter 
Pb(OAc)=:  S“ 

I 


metal 

I 


residue 

I 

filler  material 
ID  -  microscopic 


filtrate 

I 

I 

I 

I 


1:1  HC1 

I 

I 

slow:  A1 
rapid:  Mg  or  Zn 


10%  NaOH 
t 
I 

vigorous :  A1 
slow:  Zn 
N/R:  Mg 


Morin 

I 

Fluoresc. 

A1 


Quinaiizarin 

I 

blue  ppt. 
Mg 


Triphenylmethylarsoniumiodide 

I 

orange  ppt. 

Sb 
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POST  -  BLAST  RESIDUE  ANALYSIS  IN  THE  R.C.M.P.  LABORATORIES: 
SOME  PRACTICAL  OBSERVATIONS. 


J.S.  Peak,  H.  Clark,  C.  Dagenaia,  S.  Jones,  D.  McClure,  and 

B.W.  Richardson 

Royal  Canadian  Mounted  Police, 

Central  Forensic  Laboratory 
Ottawa,  Ontario,  Canada 


ABSTRACT 

The  Royal  Canadian  Mounted  Police  Forensic  Laboratory 
Services  has  adopted  a  number  of  instrumental  techniques 
for  the  analysis  of  post-blast  debris.  This  paper  outlines 
the  techniques  being  utilized  and  offers  some  practical 
observations  on  these  techniques.  Information  on  an 
Explosives  Transport  Container  and  the  recently-created 
National  Post-Blast  Response  Team  is  also  presented. 
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Introduction 

A  number  of  major  changes  have  occurred  in  the  analysis  of  post¬ 
blast  debris  in  the  R.C.M.P.  laboratories  over  the  past  three 
years.  Until  two  years  ago,  explosive  residue  analyses  were  being 
conducted  in  each  of  the  seven  R.C.M.P  laboratories  across  Canada 
using  the  analytical  scheme  developed  by  Beveridge  'et  al*  in  the 
mid-70's. <1> 

Since  that  time  the  decision  was  made  to  centralize  explosives 
cases  in  two  R.C.M.P.  laboratories  in  Canada  -  Ottawa  and 
Vancouver.  The  reasons  for  this  centralization  were  three-fold: 

1.  there  is  not  a  large  number  of  explosives  incidents  in 
Canada;  therefore  chemists  in  these  two  labs  can  more  easily 
acquire  and  maintain  expertise  in  this  analysis; 

2.  the  specialized  equipment  dedicated  to  explosives'  analysis 
is  expensive;  and, 

3.  centralization  allows  for  the  correlation  of  related 
incidents  across  the  country  that  may  not  be  readily 
apparent  if  analyses  were  conducted  in  the  various 
laboratories. 

A  number  of  instrumental  analytical  techniques  have  now  been 
incorporated  into  our  methodology  to  complement  the  established 
techniques.  This  paper  reports  on  the  practical  applications  of 
these  techniques  with  respect  to  post-blast  residue  analysis.  In 
addition,  concerns  with  respect  to  the  collection,  preservation, 
and  transportation  of  exhibit  material  will  also  be  addressed. 
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Thermal  Energy  Analyzer  (T.E.A. ) 

The  Central  Forensic  Laboratory  is  currently  using  a  Thermedics 
Model  510  T.E.A.  interfaced  to  a  Hewlett-Packard  Model  5880  G.C. 
equipped  with  a  cool,  on-column  injector.  The  T.E.A.  output  is 
directed  to  a  H.-P.  Model  1000  Laboratory  Automation  System. 

GC/TEA  is  used  as  a  screening  technique  for  the  more  common 
organic  explosives,  using  a  15m  x  0.32mm  fused  silica  column  with  a 
0.25vm  DB-5  coating.  In  a  10  minute  run  (50*C,  O  min;  +  20C*/min 
to  170*c  ;  170*C  for  4  minutes)  the  compounds  in  Figure  1  can  be 
detected . 


Figure  1  -  GC/TEA  chromatogram  illustrating  separation  of  some 
of  the  more  common  explosives  (approximately  2  ng  of 
each) . 

ISDN  (isosorbide  dinitrate)  was  chosen  as  an  internal  standard 
for  the  chromatography  because  it  is  a  readily  available 
pharmaceutical  that  elutes  near  the  raid-point  of  the 
chromatographic  run  and  has  a  lability  similar  to  that  of  EGDN  and. 
NG. 

The  T.E.A.  is  operated  in  the  nitroso  mode  with  a  G.C,  interface 
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temperature  of  280'C,  a  pyrolyzer  temperature  of  780*,  and  a  total 
system  vacuum  optimized,  at  0.18  torr  <  with  an  oxygen  flow-rate  of 
approximately  8  ral/min).  The  pyrolysis  temperature  of  780*C  is  a 
compromise  that  results  in  a  decrease  in  sensitivity  for  the 
nitroaromatics  but  provides  a  lower  level  of  interferences. 
Depending  on  the  initial  screening  results,  the  pyrolysis 
temperature  and  the  oven  temperature  programme  can  he  optimized  for 
the  situation  at  hand. 

Very  early  in  our  work  it  was  discovered  that  the  tedious 
acetone / 1 iquid  nitrogen  cold  trap  could  be  replaced  by  a 
disposable,  molecular  sieve  cartridge  (available  from  Thermedics) 
without  adversely  affecting  the  detection  of  explosives  of 
interest. 

Another  fact  learned  in  the  early  stages  of  our  work  was  that  a 
guard  column  was  absolutely  essential  for  post-blast  residue 
analysis.  Our  laboratory  is  currently  using  a  lm  deactivated 
fused  silica  pre-column  to  trap  any  condensates  before  they  reach 
the  guard  column.  By  breaking  off  a  10-25  cm  length  of 
contaminated  guard  column,  the  chromatography  can  be  improved 
dramatically. 

The  obvious  advantages  of  the  use  of  GC-TEA  have  been  documented 
elsewhere. * a ' 3 • *  *  It  is  sufficient  to  state  that  it  is  a  very 
effective  technique  for  screening  post-blast  debris  for  explosives, 
as  long  as  one  is  aware  of  its  limitations: 

1.  it  is  still  a  chromatographic  teennique  and  by 
itself,  cannot  be  used  as  positive  identification  unless 
confirmed  by  at  least  one  more  technique.  One  technique  being 
investigated  in  our  laboratory  involves  splitting  the 
column  effluent  to  the  T.E.A.  and  to  an  electron  capture 
detector  and  determining  the  relative  detector  response 
factors* 5>  for  various  explosives  and  potential 
interferences  such  as  various  nitrosamines. 
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2.  certain  non  -  volatile  explosives  cannot  be  readily 
analyzed  by  gas  chromatography.  Perhaps  the  most  promising 
development  to  deal  with  these  compounds  is  the  use  of  SFC- 
TEA  as  documented  by  Douse . * • * 

3.  a  number  of  non-nitro-based  explosives  are  reportedly 
being  used  that  cannot  be  detected  by  the  T.E.A.<-> 

Diamond  Cell/Fourier  Transform  Infrared  Spectrometry  (DC/FTIR) 

The  high  pressure  diamond  anvil  cell  (High  Pressure  Diamond 
Optics,  Inc.,  Tucson,  Arizona)  as  a  sample  holder  for  IR  analysis 
of  forensic  samples  has  been  used  routinely  in  the  R.C.M.P. 
Laboratories  since  the  mid-60 ' s . * y • aa *  When  used  in  a  state-of- 
the-art  FTIR  spectrometer,  infrared  spectra  of  residues  and  single 
crystals  of  unexpended  explosives  can  be  analyzed  quickly  and  non- 
destructively.  Once  generated,  the  infrared  spectrum  can  then  be 
identified  by  searching  a  computerized  spectral  data-base  of 
explosives  and  known  residues  (generated  by  the  detonation  of 
improvised,  commercial  and  military  explosives). 

The  R.C.M.P.  Laboratories  have  standardized  on  the  use  of 
spectrometers  equipped  with  dTGS  detectors  and  cesium  iodide  optics 
rather  than  the  faster  MCT  detector  to  allow  us  to  obtain  data  in 
the  700  to  300  wavenumbers  region  of  the  infrared.  This  area  is 
critical  for  the  identification  of  a  number  of  inorganics  of 
forensic  interest.  Identification  of  commercial  explosive 
constituents  such  as  barium  sulphate  (encountered  in  certain 
classes  of  dynamites)  can  be  readily  identified  by  DC/FTIR. 
Similarly,  single  crystals  of  chlorates  and  perchlorates  can  be 
readily  analyzed  and  differentiated  by  this  technique  (Figure  2). 
Liquid  samples  such  as  nitroglycerin  can  also  be  analyzed  by  the 
DC/FTIR  technique. 

The  conventional  high  pressure  diamond  anvil  cell  used  in  our 
laboratories  has  been  replaced  in  a  number  of  locations  by  a  mini- 
cel  l  «»*■*»»>  which  has  the  following  advantages: 
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1.  the  unit  is  physically  smaller  and  can  be  more  readily 
accommodated  by  off-the-shelf,  standard  6x  beam 
condensers; 

2.  the  diamond  windows  are  thinner,  therefore  the  energy 
throughput  is  considerably  greater  than  through  the  high 
pressure  cell; 

3.  because  it  is  a  low  pressure  cell,  the  diamonds  are 
less  apt  to  be  damaged  by  inadvertantly  applying  too 
much  pressure;  and, 

4.  the  mini-cell  is  less  expensive  than  the  high  pressure 
version. 


Sodium  Chlorate 


4C02.C  ZCC0.0  1000.0  250 


WAVENUMBERS 

RES  *  4.0  SCANS  »  256 


Figure  2  -  Diamond  Cell/FTXR  spectra  illustrating  the 
discriminating  power  of  IR  for  inorganic  constituents.  Samples 
consisted  of  single  crystals  pressed  into  a  thin  film  between 
the  diamond  anvils. 


X-RAY  PI FFRACTOMETRY  (XRD) 


Due  to  sample  limitations,  XRD  has  been  traditionally  limited  to 
the  use  of  powder  cameras  (either  conventional  Debye-Scherrer  or 
Gandolfi  cameras).  Our  laboratory  has  augmented  these  capabilities 
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with  a  Rigaku  D/nax-B  automated  diffractometer.  The  X-rays  are 
produced  using  a  1.5  kw,  fine-focus,  copper  tube  run  at  40  kv  and 
35  ma.  A  vertical  goniometer  as  opposed  to  the  horizontal  one  was 
chosen  mainly  to  minimize  the  chances  of  minute,  irreplacable 
samples  falling  off  the  sample  holder. 

Despite  all  of  the  advances  in  conventional  XRD  hardware  over 
the  years,  it  seems  that  the  most  useful  advance  is  also  the  least 
costly.  We  have  been  using  a  low-background  holder  (made  by  The 
Gem  Dugout,  State  College,  Pennsylvania)  for  mounting  samples  for 
the  past  three  years.  These  holders  consist  of  quartz  crystals 
cleaved  in  such  a  manner  as  to  significantly  reduce  the  background 
scatter,  thereby  allowing  useful  diffraction  patterns  on  sample 
sizes  of  one  mg  or  lower,  depending  on  the  nature  of  the  material. 


r' 


■ 

OJ 

M 

ID 

U 

in 


20*  25  30  35  40  45  50  55  60 

Figure  3  -  X-ray  diffraction  patterns  of  sodium  nitrate. 

(a)  12  minute  scan  on  one  crystal,  0.1  mg. 

(b)  10  12-minute  scans  on  (a)  co-added. 

(c)  12  minute  scan  on  standard  3  mg  sample. 

<d)  12  minute  scan  on  0.25  mg  s»'*>le. 

At  the  present  time  we  are  in  the  pro  ^sc  >f  generating  a 
searchable  library  of  commercial  and  ii  ..  rised  explosive 
constituents,  and  also  of  residues  of  exploti'es  generated  on 
l/2"-thick  stainless  steel  substrates. 
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Figure  4  -  Top:  One  milligram  of  dynamite  residue  on  low- 

background  holder.  5*(28)/min.  40  kv,  35  ma. 

Bottom:  3  mg  sodium  nitrate  standard. 

The  Rigaku  system  in  our  laboratory  has  an  IBM  PC-based 
operating  system  with  both  the  Rigaku  Search-Match  software  and  the 
Fein-Marquart  u-PDSM  (Micro-Powder  Diffraction  Search  Match) 
software.  Neither  have  yet  been  evaluted,  however/  preliminary 
indications  suggest  that  for  multi-component  samples,  the  skill  of 
the  x-ray  technologist  is  still  the  roost  critical  factor  in  the 
successful  interpretation  of  the  data. 

On  samples  that  can  be  dispersed  over  an  area  of  approximately 
0.8  cm  on  the  sample  holder,  a  5*  -  90*  diffraction  pattern  with 
data  points  collected  every  0.02* (28)  can  be  generated  in  a  time 
frame  as  short  as  2.5  minutes  without  adversely  affecting  the 
resolution.  Figure  3  illustrates  that  using  such  a  system,  powder 
diffraction  data  can  even  be  generated  on  single  crystals  without 
having  to  resort  to  Gandolfi  cameras  or  to  the  more  expensive 
microdiffractometers . 

Figure  4  illustrates  the  diffraction  pattern  from  approximately 
1  mg  of  residue  from  a  dynamite  explosion  scraped  off  a  metal 
substrate. 
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ION  CHROMATOGRAPHY  < I . C . ) 


The  usefulness  of  ion  chromatography  in  the  examination  of  post¬ 
blast  debris  is  well  documented .* ’  Our  laboratories  use  a 
Dionex  Model  2010i  chromatograph  interfaced  to  the  H.-.P  1000  Lab 
Automation  System.  The  operating  conditions  and  typical 
chromatograms  of  the  cations  and  anions  of  interest  are  illustrated 
in  Figure  S. 

A  number  of  observations  on  the  practical  use  of  IC  can  be  made. 
A  micro-membrane  chemical  suppressor  is  used  to  enhance  the  eluant 
signal.  The  regenerant  initially  specified  by  Dionex  for  the 
cation  suppressor  was  barium  hydroxide.  Problems  with  the 
precipitation  of  barium  carbonate  in  the  membrane  prompted  a  switch 
to  the  tetrabutylammonium  hydroxide  (TBAOH)  regenerant.  Because  of 
the  cost  of  TBAOH,  we  recently  procured  an  autoregenerant  accessory 
(in  essence,  an  ion  exchange  system)  which  will  allow  us  to  recycle 
this  reagent. 

Another  very  welcome  addition  is  the  Dionex  AS9  separator  column 
which  will  allow  us  to  easily  separate  nitrate  from  chlorate  aB 
illustrated  in  Figure  6. 


GC/MS 

GC/MS  is  used  to  confirm  the  identity  of  any  nitro-organics 
detected  by  the  GC/TEA  screen.  GC/MS  analyses  are  conducted  on  a 
Finnigan  Model  4510  Quadrupole  Mass  Spectrometer  equipped  with  a 
Varian  Programmable  on-column  injector. 

Similar  column  and  chromatograghic  conditions  described  in  the 
GC/TEA  section  were  also  applied  here.  The  GC-MS  interface 
temperature  was  dropped  to  180*C  for  these  analyses. 

Positive  Ion  chemical  ionization  was  adopted  for  this  work  using 
methane  as  the  reagent  gas.  No  problems  were  encountered 
identifying  EGMN,  EGDN ,  NG,  RDX,  TNT,  or  the  DNT's  at  the  500  pg 
level.  PETN  is  presenting  problems  at  this  concentration.  As 
previously  reported  by  Zitrin,  the  detection  limit  for  PETN  is 
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higher  and  it  may  be  necessary  to  attempt  to  recover  PETN  via  a 
preparative  clean-up  and  introduce  the  sample  to  the  MS  via  the 
direct  probe  inlet. <B> 


THE  MICROSCOPE 

The  role  of  the  microscope  cannot  be  minimized.  In  post-blast 
situations  (once  the  headspace  analyses  have  been  done)  it  is 
absolutely  essential  to  conduct  microscopic  examinations  for  traces 
of  explosive  constituents  and  components  of  a  device.  Small 
particle  identification  (usually  by  DC/FTIR)  before  an  aqueous 
extraction  allows  for  the  positive  identification  of  the  explosive 
constituents  and/or  residues.  Once  extracted  with  water,  then 
evaporated  to  dryness,  the  complexity  of  the  mixture  and  the 
production  of  mixed  salts  will  greatly  increase  the  complexity  of 
the  interpretation  of  any  analytical  data  generated. 

SEM/EPX 


Small  particle  analysis  takes  on  an  added  dimension  with 
SEM/EDX,  which  has  proven  useful  for  the  identification  of 
minute  fragments  of  detonators  (characterized  as  aluminum  with 
traces  of  lead  deposited  on  the  surface)  and  for  the  detection  of 
barium  sulfate. SEM  is  also  useful  for  characterizing 
explosively-generated  phenomena  on  metal  surfaces.  ‘ *■■»*••»*■** 

EXTRACTION  OF  EXHIBITS 

The  analytical  scheme  developed  by  Beveridge  '  et  al'  in  the  70' s 
has  worked  well  with  the  traditional  methods  of  analysis,  however, 
with  the  advent  of  the  more  sensitive  instrumental  techniques,  as 
well  as  with  the  use  of  a  greater  variety  of  sensitizers  by  the 
commercial  explosives  industry,  it  was  necessary  to  revise  our 
analytical  extraction  methodology.  In  the  initial  methodology, 
diethyl  ether  was  the  first  solvent  used.  This  is  not  suitable  as 
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For  divalent  cations 
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Figure  5  -  Ion  chromatograms  illustrating  elution  of  some  ions 
of  interest  and  the  operating  conditions  used  to 
generate  them. 


Eluent:  2mH  N^CO^/ 

C.75  mM  NaHCOj 

Flowrate:  2  roi/rein. 

1)  Fluoride  6)  Chlorate 

2)  Chlorite  7)  Nitrate 

3)  Chloride  8)  Phosphate 

<•)  Nitrite  9)  Sulphate 

5)  Bromide 


Figure  6  -  Test  chromatogram  il lustrating  anion  separation 
using  the  Dionex  AS9  separator  column. 
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a  first  step  when  using  the  GC/TEA  due  to  the  number  of 
interferences  that  are  co-extracted.  Two  techniques  that  will  play 
prominent  roles  are  the  adsorption/elution  headspace  (A/E  HS)  or 
purge-and-trap  technique  and  an  extraction  clean-up  technique 
utilising  Porapak-T.  <*■•«*»> 

COLLECTION  and  PRESERVATION  of  EXHIBIT  MATERIALS 

Despite  all  of  the  advances  in  laboratory  technology,  if  poorly 
selected  and  poorly  preserved  exhibits  are  submitted  to  the 
laboratory  then  the  chances  of  detecting  explosives  or  their 
residues  will  also  be  poor. 

In  order  to  ensure  that  appropriate  materials  are  collected,  the 
following  steps  are  being  taken: 

A.  Distribution  of  air  samplers: 

An  air  sampler  system  has  been  evaluated  for  use  at  the 
scene  of  an  explosion  that  meets  the  following  criteria: 

1.  the  pump  should  be  easy  to  use; 

2.  the  adsorbent  roust  be  efficient  and  have  a  long 
shelf  life; 

3.  the  sampling  flow- rate  should  be  as  large  as 
possible,  without  exceeding  the  break-through 
volume  ,of  the  adsorbent; 

4.  it  should  be  relatively  inexpensive. 

A  pump  was  designed  to  meet  our  specifications  (Gilian 
Instrument  Corporation,  Wayne,  New  Jersey).  This  pump  has  a  flow- 
rate  of  2  1 itres /minute  when  attached  to  the  sampling  tube.  It  is 
operated  by  a  simple  on-off  switch.  To  ensure  that  it  can  be  ready 
at  a  moment's  notice,  it  uses  replaceable  alkaline  "C"  cells  rather 
than  rechargeable  batteries.  The  cost  of  this  pump  is 
approximately  U.S.$150. 

The  sampling  tubes  are  custom  Orbo-tubes  manufactured  by  Supelco 
containing  two  plugs  of  6Q/80  mesh  Tenax  (100  mg  and  50  mg) 
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separated  by  silanized  glass  wool.  Because  these  tubes  are  sealed 
at  the  factory,  shelf-life  problems  and  contamination  problems  are 
minimized. 

Tests  conducted  at  this  laboratory  indicate  that  ethylene  glycol 
mononitrate  <EGMN),  EGDN,  and  NG  can  be  effectively  trapped  on 
Tenax  at  this  flow-rate.  Figure  7  illustrates  the  detection  of 
EGDN  and  NG  one  day  after  the  detonation  of  5.5  kilograms  of 
dynamite  in  a  car.  < EGMN  is  considerably  more  labile,  and 
indications  are  that  even  under  ideal  circumstances  it  is  difficult 
to  recover  by  this  method  more  than  several  hours  after  an 
incident. ) 

These  air  sampling  units  are  being  distributed  to  strategically 
selected  sites  across  Canada  to  ensure  that  an  air  sample  can  be 
collected  as  soon  as  possible  after  an  explosion  has  occurred. 
Using  this  relatively  simple  in-situ  sampling  apparatus,  the 
laboratory  will  be  able  to  very  quickly  determine  if  a 
nit rog leer in-based  explosive  ( EGDN/NG )  or  an  EGMN-based  slurry 
explosive  had  been  used. 


0.00  /.so 


AT  In  minutes 

Figure  7  -  GC/TEA  analysis  of  air  sampled  in  situ  from  the 
remains  of  a  car,  21  hours  after  the  explosion. 
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B.  Post-Blast  Scene  Technician's  Course 

The  Canadian  Police  College  is  starting  a  comprehensive,  two- 
week  course  dealing  with  the  processing  of  physical  evidence  at  the 
scene  of  an  explosion.  Considerable  time  will  be  devoted  to  the 
proper  collection  and  preservation  of  exhibits  for  laboratory 
analysis.  One  of  the  key  pointB  to  be  addressed  is  that  an 
explosion  scene  is  a  crime  scene  that  has  to  be  methodically 
processed  to  obtain  all  of  the  physical  evidence  that  may 
eventually  link  a  suspect  to  the  crime  scene.  There  is  a  tendency 
for  explosives'  technologists  at  the  scene  to  concentrate  on  the 
identification  of  the  device  and  the  explosive  used.  This  often 
results  in  overlooking  other  physical  evidence  that  could  be 
crucial  to  identifying  a  suspect  or  to  eventually  linking  a  suspect 
to  the  explosion  scene. 

C.  national  Post  Blast  Response  Team 

A  national  response  team  has  been  assembled  to  assist  any  police 
force  in  Canada  ir.  processing  the  scene  of  a  explosion.  This  team 
presently  consists  of  the  following  core  personnel: 

Team  Leader  -  works  in  conjunction  with  the  local  senior 
investigating  officer  in  charge  of  the  scene; 

Post  -  Blast  Consultant  -  an  explosives  technology  expert  to 

assist  in  determining  the  nature  of 
an  I.E.D.,  charge-size  estimation, 
etc. ; 

Forensic  Chemist  -  to  assist  in  the  collection  and  preservation 

of  evidence  for  laboratory  examination; 

Police  Service  Dog  -  to  help  process  the  periphery  of  the  scene 

(as  required);  and. 

Identification  Officer  -  to  assist  in  documenting  and 

recording  the  explosion  scene. 

These  personnel  would  augment  the  locally-assembled  unit 
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responding  to  an  explosion.  In  addition  to  the  traditional  roles 
associated  with  an  explosive  response  team  several  techniques  are 
being  considered: 

1.  the  use  of  photogrammetry  for  documenting  the  scene; 

2.  the  use  of  synthetic  aperture  i.  idar  to  detect  post¬ 
blast  debris,  particularly  in  remote,  snow-covered  areas; 

3.  the  use  of  lap-top  computers  to  document  exhibit  materials 
at  the  scene. 


This  Response  Team  would  be  immediately  activated,  in 
conjunction  with  the  Canadian  Aviation  Safety  Board,  in  incidents 
of  in-flight,  aircraft  break-ups.  In  such  incidents,  the  team 
members  would  examine  the  debris  collected  by  the  search  teams  for 
evidence  of  an  in-flight  explosion,  the  characteristics  of  which 
have  been  documented  elsewhere . ‘ 1S ' *  It  is  worthwhile  pointing 
out  that  a  technique  has  been  developed  in  Canada's  National 
Research  Council  that  would  quickly  allow  ore  to  determine  if  an 
in-flight  explosion  has  occurred  from  an  analysis  of  the  cockpit 
voice  recorder. ‘ 30 ’  In  the  simplest  terms,  if  an  explosion  occurs 
in  an  aircraft,  the  cockpit  area  microphone  ( CAh' )  mounted  to  the 
structure  of  the  aircraft  receives  low  frequency  vibrational  waves 
transmitted  through  the  frame  of  the  aircraft.  The  shape,  spacing 
and  frequency  of  these  vibrations  can  determine  if  an  explosive 
over-pressure  has  occurred,  how  far  from  the  CAM  the  explosion  was, 
and  an  estimation  of  the  charge-size.  This  technique  has  been 
validated  in  a  number  of  incidents. 


Explosives  Transport  Container 


The  analysis  of  live  explosives  often  requires  transport ing  them 
up  to  2500  kilometers  to  a  forensic  laboratory.  In  order  to  do  so 
safely,  it  was  necessary  to  obtain  a  container  that  would  be 
acceptable  for  transporting  explosives  by  any  convenient  mode. 

Such  a  container  (weight  =  39  kg;  cost  =  U.S.$1100.)  was 
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designed  for  us  by  the  Canadian  Explosives  Research  Laboratory 
(Energy,  Mines  and  Resources,  Ottawa).  The  container  is 
essentially  a  safe  containing  a  calcium  silicate  liner  designed  to 
hold  seven  teflon  vials,  each  having  a  10  gram  capacity  (Figure  7). 

This  container  was  tested  for  communication  by  detonating  an 
explosive  in  the  centrally-located  vial.  The  surrounding  vials 
contained  various  dynamites,  PETN ,  RDX,  etc.  The  detonation  of  the 
one  10  gram  vial  was  contained  within  the  safe.  The  explosion  of 
the  central  vial  did  not  communicate  to  any  of  the  surrounding 
vials,  regardless  of  the  sensitivity  of  the  explosives. 

Loaded  safes  were  also  exposed  to  kerosene-fuelled  fires  f^- 
extended  periods  of  time.  The  teflon  vials  were  filled  with  10 
gram  quantities  of  various  explosives.  No  detonations  occurred. 


Figure  8  -  Explosives  Transport  Container  can  be  used  to  transport 
up  to  70  grams  of  explosives  by  land,  sea,  or  air. 
Samples  are  placed  in  seven  PTFE  vials  each  having  a  10 
gram  capacity. 


After  the  tests  were  completed,  and  the  container  was  found  to 
meet  a  number  of  standards,  including  I.C.A.O.  standards,  the  safe 
was  approved  for  use  in  Canada  by  ground,  sea,  and  air 
transportation  for  up  to  70  grams  of  explosives. 
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SUMMARY 


Developmental  work  in  the  area  of  explosive  residue  analysis  is 
continuing.  Recent  emphasis  haB  been  on  developing  more  sensitive 
methods  of  analysis.  Such  techniques  are  now  in  place  and 
attention  must  be  directed  to  the  characterization  and  data-basing 
of  commercial,  military  and  improvised  explosives  and  their 
residues  utilizing  the  analytical  data  from  these  techniques. 
Attention  must  also  be  paid  to  ensure  that  investigators  in  the 
field  are  trained  in  the  proper  selection  and  preservation  of 
physical  evidence  from  explosion  scenes. 
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The  chromatographic  methods  that  are  used  today  in  forensic 
laboratories  to  detect  inorganic  anions  related  to  low 
explosives  are  neither  quantitative  nor  sensitive.  The  majority 
of  inorganic  ions  do  not  absorb  in  the  UV  range.  Therefore, 
their  detection  presents  difficulties.  We  report  a  method  that 
can  detect  inorganic  anions,  which  are  commonly  found  in 
combustion  residues  of  low  explosives,  by  reversed-phase  ion- 
pair  liquid  chromatography,  using  indirect  UV  detection.  In  our 
system  the  mobile  phase  consists  of  benzyltributylammonium 
chloride  (4mM),  phosphate  buffer  (pH  5)  and  hexane  sulfonate 
(0.14mM).  This  system  separates  easily  nitrate  ions  from 
chlorate  ions,  whose  separation  can  present  difficulties  in 
conventional  ion  chromatography.  In  the  method  described  here 
there  is  little  sample  preparation.  No  interferences  were 
encountered  while  testing  real  samples  from  explosive  residues. 
Detection  limits  are  low  and  selectivity  is  high  compared  with 
existing  techniques.  Analysis  time  is  short  and  it  can  be 
repeated  immediately. 
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1.  INTRODUCTION 

The  analysis  of  low  explosive  residues  is  difficult  because 
most  of  these  explosives  use  inorganic  salts  as  oxidizers.  The 
most  popular  oxidizers  are  usually  nitrate  and  chlorate  salts 
with  potassium  or  ammonium  as  the  co-ion  (1,2).  Since  most  of 
thsse  explosives  in  Israel  are  improvised  (home  made),  and 
since  there  is  no  way  to  predict  the  ingredients  and  their 
amounts  in  the  bomb,  they  present  a  complex  analytical  problem. 
In  addition,  the  analytical  chemist  has  to  face  difficulties 
involved  in  a)  handling  the  traces  which  are  left  for  analysis 
after  an  explosion,  and  b)  interferences  that  result  from 
debris  of  buildings  or  other  impurities  that  are  collected 
together  with  the  sample  at  the  scene  of  the  explosion  (2). 

In  most  forensic  laboratories  today  the  routine  analysis  of 
post  explosion  samples  involves  different  analytical  methods. 
These  methods  include  extraction  with  water  (for  inorganic 
compounds)  or  acetone  (for  organic  compounds),  spot  tests,  IR 
spectroscopy  (FT-IR),  mass  spectroscopy  and  ion  exchange 
chromatography.  Other  methods  are  microscopic  analysis  and  x- 
ray  diffraction  (3,4,5).  Most  of  these  methods  are  frequently 
not  specific  or  sensitive  enough  for  the  analysis  of  inorganic 
anions.  There  is  a  great  need  today  to  develop  a  new 
analytical  method  that  will  be  able  to  detect  inorganic  anions 
of  explosives  and  explosive  residues. 

We  report  a  method  that  can  detect  inorganic  anions,  which 
are  commonly  found  in  combustion  residues  of  low  explosives,  by 
reversed-phase  ion-pair  liquid  chromatography,  using  indirect 
UV  detection.  There  is  a  difficulty  in  detecting  inorganic 
anions  by  UV-detectors  because  they  are  OV  transparent.  In  our 
method  this  problem  is  solved  by  using  a  mobile  phase 
containing  an  ion-pair  reagent  (IPR)  that  absorbs  in  the  OV 
range.  The  IPR  adsorbs  onto  the  stationary  phase  and  turns  the 
column  into  a  dynamically  coated  anion  exchanger.  The 
inorganic  anions  are  detected  indirectly  as  a  result  of  a 
detector  response  to  a  deficiency  of  IPR  in  the  mobile  phase. 
This  deficiency  occurs  because  of  the  interactions  between  the 
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lon-pair  and  the  solutes  in  the  column  (6),  which  acta  like  an 
ordinary  ion  exchange  column.  The  continuous  flow  of  the  1PR 
ensures  the  stability  of  the  column  and  of  the  separation. 

Reversed  phase  columns  are  commonly  used  in  modem 
chromatography  and  are  available  at  a  reasonable  cost.  The 
instrumentation  needed  for  this  method  consists  of  an  HPLC, 
which  is  very  common  in  many  forensic  laboratories.  Thus,  this 
new  method  can  be  used  in  many  laboratories  immediately  and 
without  any  major  expenses  which  are  associated  with  new 
instrumentation  or  columns. 

2,  EXPERIMENTAL 

Materials.  The  mobile  phase  was  prepared  using  deionized  water 
which  was  filtered  through  a  0.46-um  Schleicher  &  Schull 
membrane  filter  membrane.  Benzyltributylammonium  (BTA) 
chloride  and  hexane  sulfonate  were  obtained  from  Sigma  Israel 
(Tel-Aviv,  Israel).  All  chemicals  were  of  analytical  reagent 
grade . 

The  column  (50mm  *  4.5mm  I.D.)  and  the  guard  column  (25mm  by 
4.5mm  I.D.)  were  LiChrospher  RP-18  cartridges  (Merck, 
Darmstadt,  F.R.G.).  For  the  alternative  system  of  thiocyanate 
and  perchlorate  we  used  a  50mm  by  4.5mm  I.D.  column  and  a 
guard  column  (25mm  by  4.5mm  I.D.),  both  LiChrospher  RP-8 
cartridges  (Merck,  Darmstadt,  F.R.G.). 

The  mobile  phase  consisted  of  4mM  benzyltributylammonium 
chloride  (BTA),  0.14mM  hexane  sulfonate  and  TmM  phosphate 
buffer  (pH  5).  The  alternative  system  for  thiocyanate  and 
perchlorate  had  a  mobile  phase  that  consisted  of  4mM 
benzyltributylammonium  chloride,  7mM  buffer  phosphate  (pH  5) 
and  0.2M  sodium  chloride. 

Instrumentation  The  chromatographic  system  consisted  of  a 
SP  8000  Spectra  Physics  HPLC  with  a  Kheodyne  injector  (10-ul 
loop).  The  detector  was  Perkin-Elmer  85B  UV-VIS  variable 
wavelength  detector.  The  recorder  and  integrator  were  part  of 
the  HPLC  system.  The  column  was  theraostated  at  35Q 
ClO.loc. 

The  spectrum  of  BTA  was  obtained  with  a  Perkin-Elmer  Lambda 
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5  UV-VIS  spectrophotometer. 

Sample  preparation  Samples  containing  post-explosive 
residues  were  extracted  with  water  and  then  filtered  and 
concentrated  over  a  water  bath.  The  solids  which  remained  in 
the  flask  were  weighed  (between  15-30  mg)  and  diluted  to  6-10 
ml.  Samples  were  filtered  and  injected  immediately. 

In  this  study  we  have  examined  the  behavior  of  nitrite, 
nitrate,  chlorate,  and  sulfate  (as  sodium  salts)  ions,  and 
thiocyanate  and  perchlorate  (as  potassium  salts)  ions  as  the 
inorganic  anions.  The  chromatographic  method  was  adapted  from 
the  literature  (6)  and  was  modified  according  to  the  needs  for 
an  analysis  in  a  routine  forensic  laboratory. 

The  UV  spectrum  of  BTA  is  shown  in  Figure  1.  BTA  has  three 
absorption  maxima:  at  269,  262  and  257nm.  We  chose  262nm  as  the 
working  wavelength  of  detection  since  at  this  wavelength  BTA 
absorbs  the  most  and  it  should  provide  the  most  sensitive 
detection.  Another  wavelength  of  222nro  was  investigated  to 
detect  nitrite  and  nitrate.  The  high  native  absorbance  of 
these  anions  at  this  wavelength  ensures  high  sensitivities. 

To  maintain  short  analysis  times,  we  used  a  5  cm  column. 
This  short  column  did  not  affect  the  selectivity  but  shortened 
the  retention  times  of  most  anions  and  gave  sharper  peaks. 
Phosphate  buffer  was  used  in  order  to  further  ensure  sharp 
chromatographic  peaks.  The  buffer  was  kept  at  pH  5  due  to  the 
better  buffering  capacity  at  that  pH.  To  better  control  the 
analysis  time  and  the  selectivity  of  the  column,  hexane 
sulfonate  was  added  to  the  mobile  phase.  Figure  2  shows  a 
typical  chromatogram  of  this  system  with  a  standard  mixture  of 
anions. 

The  last  two  peaks  in  the  chromatogram  belong,  respectively, 
to  thiocyanate  and  to  perchlorate.  Since  their  retention  times 
were  rather  long,  we  decided  to  break  down  the  analysis  to  two 
parts.  We  shall  deal  first  with  the  separation  of  nitrite, 
nitrate,  chlorate  and  sulfate  and  then  we  will  discuss  the 
separation  of  thiocyanate  and  perchlorate. 


FIGURE  1  The  UV  spectrum  of  BTA.  The  solvent  is  water 


The  linearity  and  the  detection  limit  of  the  present 
chromatographic  system  was  examined  by  preparing  calibration 
curves  for  all  anions  at  both  wavelengths.  The  response  was 
linear  for  all  anions.  However,  there  was  a  difference  in 
detection  limits  between  the  two  wavelengths.  Table  I  gives 
the  regression  parameters  obtained  from  correlating  the  peak 
areas  to  the  concentrations  of  nitrite,  nitrate,  chlorate  and 
sulfate.  Also  given  in  the  table  are  the  detection  limits  of 
these  four  solutes  in  both  wavelengths. 

It  has  been  reported(6, 7)  that  the  retention  times  of  the 
solutes  can  be  a  function  of  their  injected  concentration.  In 
general,  as  the  concentration  of  the  solute  increased,  the 
retention  time  decreased.  This  effect  was  observed  in  our 
system  for  the  sulfate  anion  and  it  caused  a  problem  in 
identifying  and  quantifying  sulfate  ions  in  samples  where  its 


concentration  was  not  known  (as  is  the  case  in  explosive 
residues).  To  overcome  this  problem,  we  have  used  the  sulfate 

A 
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FIGURE  2  A  chromatogram  showing  the  separation  of  all 
six  anions  studied.  The  chromatographic  conditions  are 
given  in  the  heading  of  Table  I.  Peaks  identification: 
S=system  peak,  A=nitrite,  B=Nitrate,  C=chlorate, 
D=sulfate,  E=thiocyanate,  F=perchl orate. 

calibration  curve  and  another  curve  which  is  obtained  by 
plotting  the  retention  time  of  sulfate  as  a  function  of  the 
injected  concentration.  The  two  curves  are  used  as  follows: 
The  concentration  of  a  suspected  sulfate  peak  is  ascertained  by 
extrapolation  from  the  retention  time.  This  concentration  is 
correlated  to  the  peak  area  from  the  calibration  curve.  The 
calculated  peak  area  is  then  compared  with  the  experimental 
value.  Agreement  between  the  two  values  established  the 
concentration  and  identification  of  the  sulfate  anion.  In  the 
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present  work  it  was  found  that,  at  222nm,  the  line  correlating 
the  retention  to  the  concentration  is  described  by  the 
equation : 

ta  =  267  -  5 . 24*C 

and  at  262  run: 

ta  =  269  -  4. 84*C 

In  these  two  expressions,  ts  is  given  in  seconds  and  the 
concentration  in  mM.  The  correlation  coefficients  are  o.995 
and  0.979,  respectively. 


TABLE  I:  REGRESSION  PARAMETERS  OF  PEAK  AREAS  vs  CONCENTRATION 
(mM) 

Mobile  phase  contained  4mM  benzyltributylammonium  chloride,  7mM 
phosphate  buffer  (pH  5),  and  0.14mM  hexane  sulfonate  in  water. 
Flow-rate  was  2ml/min.  Wavelength  of  detection  was  222nm  and 
262nm.  Temperature  was  35±0.1<>C.  All  anion  were  determined  in 
the  present  of  the  other  three. 


Anion 

a 

b 

R 

n 

DL 

Ways length:  222am 

Nitrite 

17.2 

-3.87 

0.9997 

10 

2.8 

Nitrate 

12.4 

-4.07 

0.9985 

10 

0.8 

Chlorate 

0.85 

-3.48 

0.9906 

6 

21.3 

Sulfate 

1.15 

-4.80 

0.9930 

5 

28.4 

Wavelength:  262na 

Nitrite 

1.03 

-1.11 

0.9996 

5 

48.3 

Nitrate 

1.16 

-2.01 

0.9974 

7 

8.5 

Chlorate 

1.05 

-2.59 

0.9976 

7 

10.7 

Sulfate 

1.59 

-3.23 

0.9973 

7 

14.2 

=  slope  (divided  by  10E+04). 

b  =  intercept  (divided  by  10E+03). 
R  =  Correlation  coefficients. 


n  =  number  of  different  concentrations  used  to  calibrate. 
DL  =  detection  limits  in  ppm. 


To  examine  the  utility  of  this  system  for  identification  and 
quantitation  of  post-explosive  residues,  we  analysed  several 
explosive  residues  from  actual  cases.  Figure  3  shows  the 
chromatogram  obtained  from  the  the  remains  of  an  explosive 
charge  which  was  discovered  next  to  a  bus  stop  in  Jerusalem 
(file  no.  3865/87).  It  was  detonated  and  the  remains  from  the 
explosion  were  sent  for  an  analysis.  Spot  test  identified 
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potassium  chlorate  and  sulfur.  The  chromatogram  confirmed  the 
presence  of.  these  anions  and  the  presence  of  nitrate  as  well. 


FIGURE  3  Chromatogram  of  water  extract  from  Sample  1. 

The  chromatographic  conditions  are  given  in  Table  I. 

Peaks  identification:  S=system  peak,  B=nitrate, 

C=chlorate,  D=sulfate 

Figure  4  shows  a  chromatogram  of  a  sample  which  was  obtained 
from  the  remains  of  a  bomb  discovered  in  Jerusalem  (file  no. 
4498/87).  The  bomb  was  detonated  by  the  police  and  the  sample 
was  extracted  from  parts  of  a  pipe  which  made  up  the  bomb. 
Conventional  analysis  found  only  traces  of  KC10* .  The 
chromatogram  shows  clearly  the  presence  of  chlorate  ion  as  well 
as  nitrate  and  sulfate  ions. 

Figure  5  shows  a  chromatogram  of  a  sample  obtained  from  the 
center  of  explosion  of  a  bomb  which  exploded  under  a  tanker 
truck  not  far  from  Rehovoth  (file  no.  3351/87).  Spot  test 
analysis  indicated  the  presence  of  minute  amounts  of  KNO*  and 
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sulfur.  The  chromatographic  analysis  confirmed  the  presence  of 


FIGURE  4  Chromatogram  of  water  extract  from  Sample  2. 
Same  conditions  as  in  Figure  3.  Peaks  identification: 
S=system  peak,  B=nitrate,  C=chlorate,  D=sulfate 

these  two  ions  but  also  showed  the  existence  of  nitrate  ion. 
Spot  test  and  IR  techniques  can  not  differentiate  between 
nitrate  and  nitrite.  No  such  difficulty  exists  in  the  method 
described  here.  The  presence  of  sulfate,  nitrate  and  nitrite 
may  be  indicative  of  black  gunpowder. 

Figure  6  shows  a  chromatogram  of  a  sample  collected  at  the 
site  of  an  explosion  which  occurred  when  a  military  vehicle 
passed  by  on  the  Ashkelon  -  Gaaa  road  (file  no.  6809/86). 
Spot  test  analysis  found  traces  of  potassium  nitrite  and 
sulfur.  The  chromatogram  shows  nitrite,  nitrate  and  sulfate 
ions.  In  Figure  5  and  6  chlorate  ion  is  missing.  However,  in 
both  Figures  there  is  an  unidentified  peak  which  elutes  at  395 


sec. 
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FIGURE  5  Chromatogram  of  water  extract  from  Sample  3. 

Same  conditions  as  in  Figure  3.  Peaks  identification: 

S=system  peak,  A=nitrite,  B=nitrate,  D=sulfate 

A  comparison  between  Figures  3  and  4  and  Figures  5  and  6 
shows  that  different  explosives  where  used  in  the  two  groups  of 
explosions.  In  all  chromatograms  there  is  a  clear  picture  of 
the  various  anions,  and  identification  is  immediate  and  without 
interferences.  The  sulfate  anion  was  identified  and  quantified 
according  to  the  method  described  above. 

Table  II  shows  the  results  of  the  quantitative  analysis  of 
the  samples.  The  analysis  was  based  on  the  calibration  curves 
that  were  described  in  table  I. 

As  mentioned  earlier  in  this  paper,  the  retention  times  for 
thiocyanate  and  perchlorate  were  much  too  long  when  the 
chromatographic  system  for  nitrite,  nitrate,  chlorate  and 
sulfate  was  used.  Since  thiocyanate  and  perchlorate  are  less 
common  in  explosive  residues  (at  least  in  Israel)  than  the 
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other  four  anions,  it  was  decided  to  develop  a  separate 
chromatographic  system  for  those  two  anions. 
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FIGURE  6  Chromatogram  of  water  extract  from  Sample  4. 

Same  conditions  as  in  Figure  3.  Peaks  identification: 

S=system  peak,  A=nitrite,  B=nitrate,  B=sulfate 

The  new  chromatographic  system  uses  a  RP-8  column.  The 
mobile  phase  in  this  system  was  very  similar  to  the  previous 
one  except  that  it  did  not  contain  hexane  sulfonate,  and  its 
ionic  strength  was  kept  at  a  high  level  with  the  addition  of 
0.2M  sodium  chloride.  This  chromatographic  system  gave  much 
shorter  analysis  times  for  both  the  thiocyanate  and  the 
perchlorate  ions.  In  addition,  this  new  system  gave  linear 
response  for  both  anions.  Figure  7  shows  a  typical 
chromatogram  of  the  thiocyanate  and  the  perchlorate  ions  using 
this  chromatographic  system. 


TABLE  II  QUANTITATIVE  ANALYSIS  OF  EXPLOSIVE  RESIDUES 
See  table  I  for  conditions. 

No.  of  sample  Nitrite  Nitrate  Chlorate  Sulfate 


Wavelength:  22.2nm 

1  (fig.  3)  - 

0.11% 

1.70% 

5.27% 

2  (fig.  4)  - 

0.27% 

3.15% 

11.07% 

3  (fig.  5)  0.53% 

6.61% 

18.85% 

4  (fig.  6)  0.12% 

3.27% 

23.27% 

Wavelength:  262nm 

1  (fig.  3)  - 

1.68% 

4.82% 

2  (fig.  4)  - 

0.69% 

3.73% 

12.22% 

3  (fig,  5)  - 

22.54%  " 

22.13% 

4  (fig.  6)  0.63% 

29.89% 

20 . 63% 

Results  are  in  %  of  the  total  sample  weight. 
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FIGURE  7  Chromatogram  showing  the  separation  between 
thiocyanate  (peak  E)  and  perchlorate  (peak  F). 
Chromatographic  conditions  identical  to  those  in  Table  1 
except:  Column=RP-8,  no  hexane  sulfonate  and  the  addition 
of  0.2M  NaCl . 
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Attempting  to  test  this  system  with  real  samples  did  not 
prove  successful  due  tc  an  interfering  material  which  eluted  at 
the  same  time  as  the  thiocyanate  and  the  perchlorate.  Since  we 
had  only  one  sample  where  the  presence  of  thiocyanate  has  been 
suspected,  it  was  not  clear  whether  this  interference  was 
inherent  to  the  method  or  was  related  to  the  specific  sample. 
At  present,  we  are  investigating  the  nature  of  the  interference 
and  methods  for  its  elimination. 

4, ...  CQHC.LUSI9MS 

The  new  chromatographic  method  for  the  analysis  of  nitrite, 
nitrate,  chlorate  and  sulfate  ions  in  explosive  residues  is 
fast,  selective  and  sensitive.  The  system  has  a  linear 
response  for  all  these  anions.  It  shows  selectivity  toward 
nitrate  and  chlorate,  which  presents  a  problem  in  conventional 
ion  chromatography.  There  is  no  need  for  elaborate  sample 
preparation  and  the  sample  can  be  injected  into  the 
chromatograph  immediately  after  water  extraction  from  the  bulk 
sample.  Samples  from  explosive  residues  yield  clean 
chromatograms  with  no  interferences. 

A  chromatographic  system  that  will  identify  and  quantify 
thiocyanate  and  perchlorate  is  still  under  development. 


This  research  would  not  have  been  possible  without  the  help  and 
the  support  of  the  Israeli  Police  Force  Forensic  Laboratory  and 
its  team  of  analytical  chemists . 
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A  FIELD  TRIAL  OF  EXPLOSIVES  DETECTORS  FOR 
PERSONNEL  AND  BAGGAGE  SEARCH 


EXTENDED  ABSTRACT 

Explosives  vapour  detection  is  a  weli  known  technique  for 
searching  people,  baggage,  vehicles  and  buildings  for  concealed 
explosive  devices.  For  the  first  two  uses,  it  is  necessary  for  the 
detector  to  have  not  only  a  high  detection  capability  and  low  false 
alarm  rate  but  a  short  response  time.  Since  police  forces  and 
airport  security  personnel  are  frequently  required  to  carry  out 
this  type  of  search,  a  trial  was  carried  out  by  SRDB,  assisted  by  the 
police,  other  government  agencies  and  commercial  organisations, 
to  determine  which  of  the  instruments  currently  available  was 
most  suitable  for  the  purpose. 

The  trial  was  carried  out  at  the  West  Midlands  Police  training 
centre  at  Ryton-on-Dunsmore,  West  Midlands.  Approximately 
170  students  took  part  in  the  trial.  Six  types  of  explosives  detector 
were  used,  the  Graseby  Ionics  PD5,  AI  Security  Model  97, 
Graseby’s  PD4  (two  examples  of  each  of  the  above),  the  AI 
Exfinder  150,  AI  Model  85  explosives  detecting  doorway  (which 
was  not  used  for  searching  bags)  and  the  Jasmin  Simtec  Exdetex  2, 
which  was  only  used  on  bags  because  of  its  long  response  time. 

Three  types  of  explosives  were  used  in  the  trial,  namely  Nobel’s 
1813,  a  nitroglycerin-based  mining  explosive,  trinitrotoluene 
(TNT)  and  PE4,  an  RDX-based  plastic  explosive.  Around  40 
samples  of  each  were  packed  into  padded  envelopes  as  were  a 
similar  number  of  inert  samples.  The  trial  was  'double  blind’- 
sniffer  operators  and  volunteers  carrying  the  packages  were  not 
to  know  what  was  in  them.  This  system  is  meant  to  avoid  bias  in 
the  results  which  could  occur  if  operators  made  a  special  effort  to 
detect  those  packages  which  were  known  to  be  ‘live". 
Precautions  were  taken  to  prevent  the  different  explosives  from 
cross-contaminating. 
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In  the  baggage  trial,  student’s  bags  were  labeled  and  laid  out  in  a 
large  hall.  Some  of  them  were  then  removed  and  replaced  with 
bags  in  which  explosives  samples  had  been  hidden.  The  bags 
were  then  searched  with  each  type  of  detector  and  the  response 
recorded. 

For  the  personnel  searching  trial,  students  were  given  packages  on 
a  pseudo-random  basis  and  were  told  to  secrete  them  on  their 
persons.  After  a  waiting  period,  the  students  were  subjected  to 
search  with  each  of  the  instruments  on  test.  The  instrument 
response  was  recorded  as  was  the  position  on  the  body  where  any 
alarm  occurred. 

The  results  of  the  trial  indicate  that  the  Graseby  PD5  gives  the 
best  combination  of  sensitivity,  false  alarm  rate  and  speed.  The 
AI  97  detected  a  wider  range  of  explosives  but  had  a  very  high 
false  alarm  rate.  The  Graseby  PD4  had  a  very  poor  performance 
and  the  AI  Exfinder  150  developed  a  fault  during  the  baggage 
trial  which  prevented  its  further  use.  The  AI  85  doorway 
showed  some  detection  capability  but  its  performance  was 
generally  poor  and  its  false  alarm  rate  high.  The  Jasmin  Simtec 
Exdetex  2,  (which  is  really  designed  for  building  search)  proved  to 
have  a  very  high  sensitivity  and  a  very  low  false  alarm  rate  but 
its  response  time  is  too  long  for  rapid  screening  of  large  numbers 
of  bags. 

The  overall  conclusion  was  that  none  of  the  instruments  tested 
fully  meet  the  requirements  of  the  police  and  airport  security 
personnel,  though  the  PD5  has  some  uses  provided  that  its 
limitations  are  borne  in  mind.  The  format  of  the  trial  was 
satisfactory  and  any  future  trials  carried  out  by  SRDB  are  likely  to 
be  organised  on  similar  lines. 
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SUMMARY 

Experiments  were  carried  out  with  Nuclear  Activation  Analysis  (NAA)  and 
with  Scanning  Electron  Microscopy  (SEN)  equipped  with  Energy  Dispersive  X 
Ray  Microprobe  (EDX)  in  order  to  compare  the  features  of  the  most  employed 
techniques  for  evaluation  of  gunshot  residues  (GSR). 

Two  different  techniques  for  sampling  gunshot  residues,  were  also  tested: 
i)  Liquid  paraffin  dropped  onto  the  skin  of  persons  who  fired  a  gun  was 
employed  for  sample  collection  for  quantitative  Antimony  determination  by 
means  of  NAA  as  GSR  indicator. 

11)  Adhesive  pads  were  tested  for  gunshot  residues  sampling  from  the  skin: 
these  samples  were  submitted  for  SEM  Individuation  for  GSR  particles  then 
for  EDX  microprobe  for  Antimony,  Barium,  Lead  and  Copper  qualitative 
analysis. 

Shots  were  fired  with  an  automatic  pistol  and  two  revolvers  and  samples 
were  collected  from  normal  deposit  sites  of  GSR  from  the  shooters'  hand. 
Quantitative  data  for  Antimony  as  revealed  by  means  of  NAA  are  reported 
together  with  the  results  of  SEM  -  EDX. 

A  critical  evaluation  of  the  two  techniques  is  reported. 
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Introduction 

At  the  present  the  most  reliable  and  most  widely  applied  techniques  of 
gunshot  residues  (GSR)  evaluation,  are  disigned  to  show  their  inorganic 
components. 

Many  techniques  have  been  proposed  and  of  these  Nuclear  Activation  Analysis 
(NAA)  <1,  2,  3,  4,  5,  6)  and  Scanning  Electron  Microscopy  (SEM)  (7,  8,  9, 
10,  11)  equipped  with  Energy  Dispersive  X-Ray  Microprobe  (EDX)  are  widely 
employed. 

It  is  possible  to  carry  out  the  instrumental  quantitative  determination  of 
Sb  and  Ba,  both  GSR  indicators,  by  means  of  NAA  in  many  matrices  such  as 
paraffin,  adiesive  materials,  cotton  swabs  etc.,  which  are  employed  for 
sampling  GSR  from  suspect  hands. 

Samples  are  generally  taken  from  forefinger,  thumb  and  from  the  back  of  the 
hand  between  these  fingers  since  these  are  the  usual  sites  where  GSR 
deposit*. 

The  SEM  apparatus  allows  the  observation  of  materials  taken  from  suspect 
hands  at  different  magnification  in  order  to  reveal  GSR.  Sampling  is 
generally  carried  out  by  means  of  an  adhesive  pad  which  is  pressed  against 
the  skin  of  the  hands.  The  GSR  particles  are  identified  by  their 
characteristic  spherical  shape. 

The  EDX  test  for  the  presence  of  Sb,  Ba,  Pb,  and  sometimes  Cu  deriving  from 
the  bullet  jacket,  confirm  the  existence  of  GSR  on  the  sample.  Hovever  both 
NAA  and  SEM-EDX  have  been  subjected  to  many  criticisms  that  may  be 
summarized  ast 

1)  NAA  is  unable  to  differentiate  Sb  and  Ba  deriving  from  GSR  from  Sb  and 
Ba  originating  from  professional  activities,  environmental  contamination, 
Industrial  pollution,  etc. 
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ii)  SEM-EDX  gives  no  quantitative  informations,  is  time  consuming,  does  not 
identify  the  part  of  the  hand  where  GSR  is  revealed  and,  last  but  not 
least,  it  has  been  doubted  wether  the  form  of  the  particles  is  unique  to 
GSR  particles  even  when  Sb,  Ba,  Pb  are  also  found. 

Experiments  were  carried  out  shooting  with  different  firearms  and 
collecting  GSR  from  shooting  hand  with  two  different  techniques,  in  order 
to  compare  the  features  of  NAA  and  SEM-EDX  for  GSR  evaluation.  Arms 
handling  experiments  were  also  tested. 

EXPERIMENTAL 

Ammunition  and  fire  arms. 

The  following  ammunition  was  employed  for  experimental  shots: 

I)  G.  Fiocchi  (Lecco,  Italy)  centre  fire  cartridges  for  7.65  mm  caliber 
automatic  pistol  (jacketed  bullet). 

ii)  G.  Fiocchi  centre  fire  cartridges  for  .38"  special  caliber  revolver 
(jacketed  bullet). 

ill)  I.C.I.  (ll.S.A.)  centre  fire  cartridges  for  .44’  magnum  caliber 
revolver  (wad  cutter). 

The  following  firearms  were  employed  for  experimental  shots: 

i)  P.  Beretta  mod.  70,  7.65  mm  caliber  automatic  pistoi. 

ii)  Smith  &  Vesson  mod.  10,  .38’  special  caliber  revolver, 
ill)  Smith  &  Wesson  mod.  29,  .44’  magnum  caliber  revolver. 

Sampling  of  GSR  for  testing 


Two  different  techniques  for  sampling  GSR  were  tried: 
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i)  liquid  paraffin  dropped  onto  the  skin  of  the  shooter's  hands  in  the 
usual  GSR  deposit  si  test  the  back  space  of  the  hand  between  the  forefinger 
and  thumb  for  the  automatic  pistol  and  forefinger  and  thumb,  separately 
sampled,  for  the  revolvers. 

ii)  Adhesive  pads  apllied  with  a  metallic  holder:  the  sampling  sites  are 
the  forefinger,  thumb  and  the  back  of  the  hand  between  these  fingers 
sampled  with  a  single  adhesive  holder. 

Analytical  methods 
Neutron  Activation  Analysis 

The  paraffin  samples  collected  from  firing  hands,  together  with  a  Sb 
standard  were  Irradiated  at  a  neutron  flux  of  c.  lxlO12  n  cm-2  sec-1  for  30 
minutes  in  the  TRIGA  MARK  II  (250  KV>  reactor  at  the  University  of  Pavia, 
After  irradiation  the  samples  were  submitted  to  gamma  spectroscopy  using  a 
20  cm3  Ge/Li  detector  connected  to  a  4096  channels  pulse-height  analyzer 
LABEN  701  coupled  to  a  computer  for  data  processing. 

For  Sb  determinations  the  0.564  Mev  gamma  ray  of  122Sb  was  compared  to 
the  standard  after  a  cooling  period  of  24  hours. 

The  detection  limits  for  Sb  with  the  procedure  adopted  is  /ug  0,005. 

Scanning  Electron  Microscopy  and  Energy  Dispersive  X  ray  Analysis 

Sample  adhesive  pads  were  submitted  to  the  SEM-EDX  of  the  Department  of 
Electrochemistry  of  the  University  of  Milan. 

The  samples  were  first  metallized  using  Au  for  SEM  and  their  surfaces  were 
then  observed,  region  by  region,  using  a  Cambridge  Stereoscan  150  electron 
microscope.  Each  single  observation  covered  an  area  of  about  50  x  50  Aim. 
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EDX  analysis  is  carried  out  at  a  pressure  of  about  10  Torr.j  K,  L,  M 
characteristic  lines  of  the  excited  elements  are  registered  by  means  of  a 
Si/Li  crystal  connected  to  a  pulse-height  analizer  with  a  Link  System  860 
microprobe. 


RESULTS 

The  results  of  Sb  quantitative  determination  and  GSR  particles 
identification  are  reported  in  tables  1,  2  and  3. 

The  quantitative  results  of  NAA  Sb  determination  show  that  this  element  was 
always  found  then  confirming  its  roie  as  a  GSR  indicator  as  indicated  in 
our  previous  previous  work  (3,  6). 

As  may  be  seen  from  our  experimental  results  SEM-EDX,  by  combining 

information  about  the  morphology  of  GSR  particle  with  its  elemental 

composition,  allows  us  to  distinguish  GSR  from  contaminating  particles. 

GSR  particles  are  generally  composed  of  Pb,  Ba  and  Sb  and  show  a  spherical 

morphology,  moreover  they  can  be  found  on  the  surface  of  bigger  and 
or 

shapeless  particles,  separately. 

Their  brightness,  as  observed  with  SEM,  is  a  marker  of  these  particles 
together  with  the  characteristic  shape;  typical  GSR  particle  is  shown  in 
fig.  n'  1. 

The  process  used  for  SQ1-EDX  analysis  consisted  in  searching  for  the 
presence  of  particles  that,  for  shape  and  brightness,  could  be  GSR.  These 
particles  were  then  analysed  by  means  of  EDX  microprobe  to  know  their 
elemental  composition. 
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The  simultaneous  presence  of  Sb,  Pb  and  Ba  is  a  necessary,  but  not 
sufficient,  condition  for  the  identification  of  GSR  because  these  elements 
are  too  diffused  in  environment  to  testify  for  GSR  presence  on  their  own. 

It  is  worth  underlining  that  the  presence  of  Pb  alone  does  not  identify  a 
particle  as  GSR. 

The  presence  of  Cu,  2n,  Si,  Ca  on  correctly  shaped  particles  does  not 
hovever  assure  positivity  of  the  teat,  because  these  elements  may  also  be 
due  to  environmental  contamination  and  professional  activities. 

Furthermore,  after  the  observation  to  SEM  of  c.  100  regions  in  which  no 
particles  have  been  revealed,  the  test  can  be  considered  negative. 

Both  analytical  methodologies  and  their  respective  sampling  techniques  have 
shown  their  suitability  for  showing  the  presence  of  GSR  by  means  the 
indicators  choosen. 

Nevertheless,  3EM-EDX  was  unable  to  reveal  GSR  on  samples  taken  from  arms 
handling  whereas  all  the  samples  analysed  by  NAA  showed  the  presence  of  Sb. 
Our  work  thus  emphasis  the  advantages  given  by  NAA  that  allows  both 
quantitative  determinations  and  the  discrimination  of  the  sites  where  Sb  is 
present.  In  fact  the  site  of  finding  and  the  respective  quantitative  data 
are  very  important  to  distinguish  Sb,  Ba,  Pb  of  GSR  origin  from  the 
presence  of  the  same  element  due  to  environmental  and  casual 
contamination,  or  professional  activities. 

Moreover  the  sampling  technique  using  liquid  paraftln  is  very  effective  in 
picking  up  GSR  and  in  our  opinion  it  is  better  than  adhesive  pads. 

This  consideration  seems  to  be  confirmed  by  the  finding  that  arm3  handling 
was  not  shown  in  adhesive  pads  analysed  by  SEM-  EDX. 

The  scanning  electron  microscope  has  the  advantage  that  it  consents  the 
observation  of  GSR  particles  which  are  recognized  by  their  characteristic 
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shape.  Furthermore  EDX  microprobe  allows  only  a  qualitative  and  not 
quantitative  analysis. 

Moreover,  it  is  usual  in  criminal  cases  to  make  only  one  sample  per  hand, 
so  it  is  impossible  to  identify  the  of  GSR  deposit  site.  This  information 
is  very  important  because  in  many  cases  it  is  possible  to  specify  the  type 
of  firearms  used. 

A  further  problem  is  that  SEM-EDX  is  time  consuming  and  requires  the 
costant  presence  of  an  experienced  operator  and  this  is  probably  the  reason 
the  Italian  Police  take  only  one  sample  per  hand. 

Summing  up  considering  both  the  advantages  and  drawbacks  of  the  two 
techniques  experimented  and  on  the  basis  of  our  work,  it  is  our  opinion 
that  NAA  is  more  reliable  than  SEM-EDX  in  GSR  identification  on  suspect 
hands. 
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Table  nA  2.-  Comparison  of  NAA  determinations  of  Sb  and  SEM  -  EDX  Gunshoot 
Residues  results.  Firing  tests  with  Smith  &  Wesson  caliber  .38*  special 
revolver. 


shoot  nA  /ug  Sb 

forefinger  thumb 


Gunshoot  Residues 


1  . 

.  1.005 

. .  1 .317 

particles 

found 

2  . 

.  1.439 

.  1.615 

u 

H 

3  . 

•  »••••  1*  64b 

M 

II 

4  . 

.  1.431 

»•••••  1*  64c 

M 

ft 

5  . 

.  1.322 

......  0 . 585 

V 

II 

6  . 

.  0.910 

.  0.564 

" 

“ 

7  . 

.  1.319 

.  0.650 

*« 

» 

8  . 

•  «'••••  1*  208 

ft 

ft 

9  . 

.  0.573 

ft 

ft 

10  . 

.  1.033 

II 
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11  . 

.  1.780 

.  0 . 765 

« 

ft 

12  . 

••••••  1 . 035 

U 

ft 

13  . 

••«•••  0 . 553 

<• 

II 

14  . 

......  0 . 657 

N 

ft 

15  . 

.  1.190 

ft 

ft 

16  . 

.  0.444 

ft 

II 

17  . 

.  0.745 

N 

(• 

18  ..... 

.  0.882 

•♦••••  1  •  106 

• 

ft 

19  . 

.  0.960 

.  1.118 

s 

l« 

20  . 

.  0.427 

ft 

ft 
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Teble  n"  3.-  Comparison  of  NAA  determinations  of  Sb  and  SEH  -  EDX  Gunshoot 
Residues  resu'ts.  Firing  teots  with  Smith  &  Wesson  caliber  .44"  magnum 
revolver. 


shoot  n" 

/ug  Sb 
foref .nger 

thumb 

Gunshoot  Residues 

1  . , . 

..  0.227 

0.031 

particles  found 

Z  . 

..  0.092 

•  •  • 

0.032 

«  a 

*  . 

..  0.055 

•  •  a 
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a  h 

4  . 
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i  •  f 

0.032 

•  a 

5  . 
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«  »,  * 
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H  U 

6  .  . 
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r.  t 

7  . 
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a  a 

8  . . 
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a  a 

7  . . 
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•  » 
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a  a 

10  . 

..  C. 177 

»  •  » 

•  » 

0.005 

<i  N 

*1  . 

..  0.086 

•  •  • 

•  • 

0.046 

a  r 

12  . . 

..  0.597 

*  •  # 

0.017 

■  a 

13  . . 

..  0.20 

0.052 

H  N 

14  . 

..  0.079 

•  •  * 

0.033 

a  i, 

IS  . 

..  0.041 

•  •  « 
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n  a 

16  . 

..  0.076 

•  »  1 
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R  a 

17  . . 

..  C .029 
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«  « 

18  . 

..  0.044 
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0.022 

■  i 

17  . 

..  0.540 
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a  a 

2C  . . 

...0.005 

•  •  • 
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a  i 

Table  n’ 
Residues 

4.-  Comparison  of 
results  relatives 

NAA  determinations  of  Sb  and  SP1~ 
to  arms  handling. 
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it 
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0 
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Summary 

Modern  physico  -  chemical  methods  allow  reliable  forensic  analysis  of 
gunshot  residues  (GSR)  from  the  hands  of  suspected  persons. 

Inorganic  components  of  primer  such  as  Barium  and  Antimony  and  such 
elements  as  Lead  and  Copper  contained  in  the  bullets  can  be  accurately 
revealed  by  means  of  many  analytical  techniques. 

In  order  to  improve  the  reliability  of  the  method  we  doped  some  commercial 
cartridges  with  Samarium  Oxide  and  tested,  after  shooting,  its  presence  on 
the  hands  of  the  shooter . 

lhe  results  show  that  Sm  has  never  been  found  on  the  hands  of  non  shooters, 
but  it  has  been  shown  by  Kuetron  Activation  Analysis  on  the  hands  which 
fired  the  gun,  therefore  suggesting  the  use  of  Samarium  Oxide  to  dope 
gunpowder  to  make  forensic  research  more  reliable  . 

Ballistic  tests  were  made  using  doped  and  non  doped  cartridges  in  order  to 
asses  the  role  of  presence  of  Sta^  in  the  ammunition. 
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I 


Introduction 


The  problem  of  identification  of  gunshot  residues  (GSR)  on  the  hands  of 
suspect  individuals  is  a  question  that  has  not  yet  been  completely  resolved 
in  Forensic  Sciences. 

The  presence  of  GSR  Is  demonstrated,  in  fact,  by  finding  the  compounds 
deriving  from  the  combustion  of  the  gunpowder  of  the  ammunition.  For  a  long 
time  this  determination  was  effected  by  the  identification  of  nitrite 
and/or  nitrate  ions  produced  from  the  combustion  either  of  black  powders  or 
of  the  smokeless  ones.  Such  compounds  are  removed  from  the  skin  of  the 
hands  by  applying  liquid  paraffin  (the  so  called  paraffin  glove)  and 
demonstrated  by  means  of  colorimetric  reagents  (1,  2). 

This  method,  however,  is  not  as  reliable  as  has  been  proposed;  Indeed  many 
criticisms  have  been  addressed  to  the  specificity  of  the  GSR  indicators 
attributed  to  nitrite  and  nitrate  ions,  expeclaliy  given  the  large 
diffusion  of  chemical  products  which  contain  or  may  produce  these  ions  (3, 
4). 

More  recently,  these  colorimetric  methods  have  been  replaced  by  the 
identification  of  the  inorganic  components  of  the  ammunition  cm  the  hands 
of  the  suspect  shooters.  These  components  are  Antimony  (Sb>  and  Barium 
(Ba),  which  are  costituents  of  the  cartridge  primers,  and  by  t-ead  (Pb)  and 
Copper  (Cu>  which  originates  from  the  bullet  c5,  6,  ?,  8,  9). 

Mar.y  analitycal  methods  have  been  proposed  for  quantitative  determination 
of  Sb,  Ba,  Pb  and  Cu  for  example  atomic  absorption  spectroscopy  (3G,  13, 
i2>,  electrochemical  techniques  (13,  14,  15),  X  -  ray  fluorescence  (9>, 
neutron  activation  analysis  (16,  17,  )8,  19,  20.  21),  scanning  electron 
microscopy  (22,  23,  24,  25,  26,  27). 


In  forensic  science  laboratories  many  of  the  above  mentioned  techniques  are 
routinely  used  in  criminal  cases  with  better  and  more  reliable 
Identification  of  GSR,  compared  with  the  obsolete  colorimetric  methods  for 
nitrite  and  nitrate  evaluation. 

However,  as  shown  In  our.  previous  works  (18,  21),  Ba,  Pb  and  Cu  are 
generally  present  on  the  hands  of  non  shooters,  so  that  GSR  identification 
must  be  effected  considering  only  the  St  as  t  significant  indicator. 
Nevertheless  Sb  seems  to  be  not  as  specific  as  previously  thought,  since 
this  element  may  also  originate  frco  professional  activity,  environmental 
contamination  etc..  Thus  in  many  cases  the  finding  of  Sb  does  not 
necessarily  guarantee  the  actual  presence  of  GSR  on  the  skin  of  the  hand 
examined. 

Indeed  the  goal  of  scientific  investigation  in  the  ferensic  field  is  to 
find  reliable  evidences  that  may  be  presented  in  Court  and  which  would  lead 
to  conviction,  not  to  conjectures  or  suppositions. 

Bearing  in  mind  this  need,  in  this  work  we  undertook  to  add  a  specific 
'fingerprinting"  agent  to  gunpowder  .  This  agent  must  not  be  present  on  the 
hands  of  normal  individuals,  so  that  its  recovery  on  a  suspected  person 
const ituea  certain  evidence  of  GSR  presence. 

Eperimental 

Gunpowder  Fingerprinting 

Samarium  csm),  a  chemical  element  belonging  to  toe  Rare  Earths  group, 
was  choosen  as  •fingerprinting"  agent.  As  was  shown  in  preliminary  work 
using  the  same  technique,  Sta  is  absent  from  the  hands  of  normal 
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Individuals.  Moreover  Sm  is  easily  found  by  Neutron  Activation  Analysis, 
the  analytical  method  we  chose  for  determining  GSR. 

The  f Ingerprintlg  agent  Sm  was  added  to  the  gunpowder  of  disassembled 
ammunitions  as  Sta^,  to  obtain  a  concentration  of  0.15%.  The  cartridges 
were  reloadea  after  accurate  stirring  to  ensure  an  homogeneous  distribution 
of  within  the  gunpowder.  Preliminary  firing  experiments  showed  that 

the  concentration  of  0,15%  was  best  for  an  efficient  fingerprinting  of 
ammunition. 

The  ammunition  used  for  our  experiments  Is  of  commercial  production  and 
thus  with  primers  containing  Sb;  this  element  was  therefore  considered. 

Ammunition  and  fire  arms. 

The  following  ammunition  was  employed  for  experimental  fingerprinting  with 

an2°3: 

I)  G.  Fiocchi  (Lecco,  Italy)  centre  fire  cartridges  for  7.65  mm  caliber 
automatic  pistol  (Jacketed  bullet). 

li)  G.  Fiocchi  centre  fire  cartridges  for  .38*  special  caliber  revolver 
(jacketed  bullet). 

Hi)  I.C.I.  (U.S.A.)  centre  fire  cartridges  for  .44*  magnum  caliber 
revolver  (wad  cutter). 

The  following  firearms  were  employed  for  experimental  shotf; 

1)  P.  Beretta  mod.  70,  7.65  Dm  caliber  automatic  pistol, 
il)  Stall th  4  Wesson  mod.  10,  .38*  special  caliber  revolver, 
lii)  Smith  &  Wesson  mod.  29,  .44*  magnum  caliber  revolver. 
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Removal  of  GSR  for  testing. 

The  material  used  for  removing  GSR  is  liquid  paraffin  dropped  from  a 
lighted  paraffin  candle  directly  onto  the  skin  of  the  shooting  hand.  The 
sampling  site  is  the  back  of  the  hand  between  the  forefinger  and  thumb  for 
automatic  pistol  shot*  and  the  forefinger  and  the  thumb,  separately 
sampled,  for  firing  tests  carried  out  with  revolvers.  This  sampling  method 
removes  GSR  from  the  skin  efflcently  and  does  not  interfere  in  the 
analytical  determinations. 

Neutron  Activation  Analysis. 

The  paraffin  samples  collected  from  firing  hands,  together  with  Sb  and  Sm 
standards,  were  Irradiated  at  a  neutron  flux  of  c.  lxlO12  n  cm"2  sec"1  for 
30  minutes  in  the  TRIGA  MARK  II  (250  KW>  reactor  at  the  University  of 
Pavia. 

After  irradiation  the  samples  were  submitted  to  gamma  spectroscopy  using  a 
20  cm3  Ge/Li  detector  connected  to  a  4096  channels  pulse-height  analyzer 
LADEN  701  coupled  to  a  computer  for  data  processing. 

For  Sm  and  Sb  determinations,  the  0.103  MeV  gamma  ray  of  153Ste  and  0.564 
MeV  gamma  ray  of  l22Sb  were  compared  to  the  respective  standards,  after 
a  cooling  period  of  24  hours. 

The  detection  limits  with  the  procedure  adopted  are  0,003  /ug  for  Sin  and 


/ug  0,005  for  Sb. 


Shooting  tests 


The  shooting  tests  carried  out  with  the  fingerprinted  ammun i t >vi  were  as 
fol lows: 

i>  n*  170  shots  with  P.  Beretta  mod  70  ,  7.65  am  caliber  automata 
pistol . 

ii)  n*  26  shots  with  Smith  &  Wesson  mod.  10,  .38'  specie)  caliber 

revolver. 

1  i  1  >  n*  20  shots  with  Smith  &  Weeeon  mod.  29,  .44*  magnum  caliber 

revolver. 

All  the  firing  test  were  effected  at  the  firing  range  cf  the  Tiro  a  Segno 
Nazionale  of  Pavla. 

Evaluation  of  the  speed  of  bullets  have  been  carried  out  in  order  to  asses 
possible  ehange  in  ballistic  properties  of  fingerprinted  ammunition  due  to 
the  presence  of  SmgO*.  A  portable  chronographer  with  photoelectric  ceiis 
manufactured  By  Palni  (Busseto,  Italy)  was  eamployed  for  tms  purpose. 

The  speeos  loeasured  for  bullets  with  fingerprinted  cartridge?  were  compared 
to  those  of  bullets  with  original  ammunition  from  the  same  production 

batch,  as  well  as  to  those  of  bullets  with  reloaded,  but  not  fingerprinted, 
cartridges. 

Tests  shots  for  bullet  speed  evaluations  were  as  follows: 

!)  n“  50  shots  with  fingerprinted  6.  Fiocchl  7.65  am  caliber  cartridges 

n‘  50  shots  with  original  G.  Fiocchi  7.65  mm  caliber  cartridges 

n*  50  shots  with  reloaded  G.  Fiocchi  7.65  am  caliber  cartridges 

ii)  n‘  25  shots  with  fingerprinted  G.  Fiocchi  .38*  special  caliber 
cartridges 

n"  17  shots  with  original  G.  Fiocchi  .38’  special  caiiber  cartridges 

ill)  n‘  20  ^.ots  with  fingerprinted  C.C.I.  .44*  magnum  caiiber  cartridges 


22-7 


n*  17  shots  with  reloaded  C.C.I.  .44*  magnum  caliber  cartridges. 


Results  and  Discussion. 

The  results  of  Sm  and  Sb  determinations  for  experimental  shots  are 
reported  in  tables  n*  1,  2  and  3,  together  with  standard  deviations. 

The  bullets  speeds  measured  for  fingerprinted,  original  and  reloaded 
cartridges  are  shown  in  figures  1,  2  and  3. 

SM  was  found  in  the  range  from  0.013  to  1 .12?  /ug  with  a  mean  value  of 
0.102  /ug  and  a.  d.  «  0.1S2  in  the  paraffin  samples  of  161  or  the  170  shots 
effected  with  7.65  an  caliber  fingerprinted  cartridges;  3b  was  not  found 

in  9  samples. 

SM  was  not  found  in  GSR  collected  on  forefinger  and  thumb  of  the  shooting 
hands  in  paraffin  samples  from  shots  carried  out  with  .38"  special  and  .44* 
magnum  caliber  fingerprinted  cartridges.  The  3a  traces  sampled  from  the 
shots  carried  out  with  the  revolvers  are  pratically  the  same  shown  for  the 
7,65  an  caliber  pistol.  The  mean  values  for  .38*  spl.  and  .44*  mgm.  caliber 
are  /ug  0.885,  s.d.»  0,45  and  1.042.  s.d.  *  0.802  for  the  thumb,  /ug  1.186 
s.d.  «  0.433  and  /ug  1.692  s.d.  «  1.52  for  forefinger  respectively.  Sffi  was 
also  not  found  in  some  paraffin  staples  for  shots  carried  out  with  the 
revolvers.  This  fact  is  due,  in  our  opinion,  to  the  incorrect  distribution 
of  9*283  in  the  gunpowder.  This  hypothesis  stews  to  be  confirmed  by  our 
finding  Sb  in  the  samples  negative  for  Sm,  which  indicates  GSR  presence. 
The  fingerprinting  of  gunpowder  by  the  Manufacturer  could  make  the 
distribution  of  the  fingerprinting  agent  homogeneous. 
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Quantitative  determinations  of  3m  and  Sb  in  firing  tests  with  the  automatic 
pistol  and  with  the  revolvers  testify  that  their  traces  In  GSR  are  higiy 
spread  out,  confirming  the  Influence  of  tns  cartridges  in  GSR  deposit. 

The  quantitative  results  obtained  for  the  presence  of  Sb  in  the  GSR  shows 
that  this  element  was  always  found  thus  confirming  Its  role  of  GSR 
Indicator,  as  pointed  out  in  our  previous  work  (21). 

Measurements  of  bullet  speed  for  the  fingerprinted  cartridges  from  7.65  ran 
caliber  ammunition  showed  lower  values  than  those  for  bullets  from  the 
original  ones,  h  comparable  reduction  of  bullet  speed  was  shown  for 
reloaded,  but  not  fingerprinted  cartridges  tested.  This  fact  Identifies  the 
factor  affecting  the  bullet  speed  in  the  reloading  of  the  ammunition  and 
especially  in  the  operation  of  fixing  the  bullet  to  the  cartridge  case. 
Summing  up,  the  presence  of  9m  in  the  paraffin  samples  taken  from  the 
shoting  hands  of  Sm  fingerprinted  ammunition  shows  the  validity  of  our 
proposal  for  the  fingerprinting  of  gunpowder. 

In  fact  the  presence  of  Stt  on  samples  from  suspected  persons,  acting  as  a 
reliable  Indicator  of  GSR  togheter  with  Sb,  could  give  Forensic  Scientists 
the  certainty  of  the  presence  of  GSR  on  hands  which  could  then  presented  In 
Court  as  evidence. 

Moreover  the  ballistic  properties  of  the  fingerprinted  ammunition  are  not 
affected  by  the  presence  of  the  fingerprinting  agent,  thus  a  practical 
application  of  the  proposed  fingerprint  is  possible. 

The  possibility  of  doping  gunpowder  with  different  elements  taken  from  the 
Rare  Earths  group,  or  with  mixtures  of  them,  could  furthermore  allows  the 
characterisation  of  the  Manufacturer  and  of  the  cailber  of  ammunition  used. 
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TABU  1  :  NAA  -  SB  results  (fig) 

fingerprinted  G.  Fiocchl  7.65  ■■  cal.  cartridges 


.120 

.059 

.077 

.050 

.028 

/ 

.044 

.055 

.306 

.020 

.100 

.056 

.033 

.058 

.032 

.026 

.282 

.064 

.068 

.061 

.042 

.015 

.305 

.036 

.127 

.062 

.350 

.046 

.492 

/ 

.145 

.057 

.353 

.051 

.448 

.063 

.186 

.070 

.030 

.015 

/ 

.049 

.100 

.039 

.024 

.049 

.031 

.034 

.116 

.084 

.056 

.047 

.028 

/ 

.064 

.081 

.095 

.028 

.033 

.037 

.112 

.047 

.065 

.069 

/ 

.018 

.040 

.051 

1.127 

.097 

.030 

.019 

.110 

.050 

.950 

.068 

.027 

.049 

.088 

.022 

.126 

.026 

.066 

.013 

.165 

.055 

.795 

.060 

.020 

.032 

.230 

.038 

.085 

.379 

<0.005 

/ 

.036 

.038 

.145 

.140 

/ 

.016 

.090 

.080 

.032 

.239 

.043 

/ 

.160 

.057 

.052 

.092 

.016 

.023 

.060 

.118 

.124 

.266 

.041 

.027 

.150 

.082 

.062 

.145 

.043 

.090 

.130 

.044 

.045 

.091 

.040 

.014 

.096 

.039 

.070 

.207 

.039 

.056 

.090 

.038 

.028 

.171 

.034 

.052 

.060 

.100 

.062 

.158 

/ 

.031 

.070 

.068 

.029 

.224 

.073 

.030 

.090 

.022 

.448 

.059 

.040 

.075 

.059 

.621 

.089 

.040 

.041 

.021 

.293 

.052 

range: 

.013  -  1. 

■ean  value 

.102 

St.  Dev. 

.152 

/:  not  found  $0,003  /ug 
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TABLE  2  :  NAA  -  Sb  results  tyug) 

fingerprinted  G.  Fiocciji  7.65  m  cal.  cartridges 


3.010 

1.598 

.227 

1.920 

1.199 

1.099 

.570 

1,819 

1.495 

2.210 

1 .449 

1.148 

3.440 

1.940 

.612 

3.400 

1 .547 

.605 

4.290 

1,843 

1.303 

3.290 

.598 

.966 

2.660 

2.523 

1.273 

1.540 

1.915 

1.524 

3.890 

1.131 

.998 

1.110 

1.299 

1.140 

2.960 

1.313 

1.421 

3.950 

.546 

2.387 

3.600 

1.353 

1.215 

4  .050 

1.243 

2.485 

1.440 

1.487 

2 ,716 

2  .230 

.732 

1.199 

4  .150 

1.627 

.453 

2  .350 

2.943 

1.242 

2,090 

1.352 

1.557 

3  .120 

1.260 

1.756 

2.470 

2.466 

2.414 

2  ,350 

1.119 

1.020 

1.680 

1.010 

.421 

2.170 

1.528 

2.438 

1  .540 

1.831 

1 .986 

1.270 

1.510 

2.653 

1.380 

.992 

1.280 

3.085 

.863 

.862 

1  o  777 

4-365 

2.501 

2.714 

2.796 

2.738 

1.835 

2.806 

1.537 

2,978 

.727 

.856 

17.517s 

1.607 

2.271 

1.895 

2,488 

3.062 

3.032 

.606 

2.262 

2.497 

.669 

1. 377 

2.488 

.608 

1.845 

.475 

1,563 

.991 

.478 

.932 

2.681 

.453 

.982 

.676 

.392 

2  689 

1.688 

.928 

.973 

.904 

3.779 

1.412 

1,255 

.998 

.671 

.577 

4.006 

1.192 

1.512 

2.001 

1.870 

1.307 

3.699 

4  .323 

1.580 

1.965 

2.159 

.492 

1  ,416 

6.883 

1.950 

3.839 

2.891 

1.536 

4.390 

9.658 

1  .341 

2.440 

1.885 

1.923 

3.632 

1.938 

2.524 

2.164 

2.462 

1  .363 

1.317 

3.237 

range: 

aean  value 
St.  Dev. 


.227  -  9.658 
1.940 
1.210 


o 


not  considered 
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TABLE  3  :  liAA  -  SB  results  (jug) 

fingerprinted  G.  Fiocchi  .38"  cal.  cartridges 


THUMB  .035 

.  02C> 

.016 

.044 

/ 

.049 

.032 

/ 

/ 

.024 

.019 

/ 

.149 

.043 

.111 

.022 

.020 

.044 

.052 

.020 

/ 

/ 

.044 

/ 

.131 

.025 

range : 

.016  -  .149 

aean  value 

.035 

St.  Dev. 

.039 

FOREFINGER  .018 

/ 

.033 

.018 

.054 

.039 

.024 

.047 

/ 

/ 

/ 

.019 

.031 

.077 

.152 

.031 

/ 

/ 

.089 

.088 

.040 

.030 

.058 

.067 

.076 

.015 

range:  .015  -  .152 

Bean  value  .039 

St.  Dev.  .037 


NNA  -  Sb  results  (ug) 

fingerprinted  G.  Fiocchi  .38"  cal.  cartridges 

THOMS  1.31?  .650  1.035  .444  .427 

1.615  1.208  .553  .745  1.533 

1.645  ,573  , 657  1-106  .299 

1,322  1,033  1.190  1.518  .404 

.564  .765  .340  1.310  .233 


range:  .233  -  1.645 

nean  value  .885 

St.  Dev.  .450 


FOREFINGER  1,005 

.910 

1.7S0 

1,102 

.612 

1.  439 

1.319 

1 .364 

2.033 

.645 

.790 

.563 

1.005 

.882 

1.447 

1*431 

1.172 

1.695 

.960 

1.548 

.585 

1.622 

1.968 

.683 

1  .360 

.910 

range:  .563  -  2,033 

aeon  value  1.186 

St.  Dev.  .433 


/;  not  found  <<0.003  /ug 
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tAULB  4  :  MAA  -  sa  results  (jag ) 

fingerprinted  C.C.l.  .44"  cal.  cartridges 


THUMB 

.031 

.032 

.107 

.032 

range: 
aean  value 

St.  Dev. 

/ 

041 

045 

161 

.130 

/ 

.046 

.017 

.017  -  .276 

.070 

.074 

.033 

.024 

.084 

.275 

.022 

.050 

.216 

.052 

FOREFINGER 

.227 

027 

.039 

.200 

.029 

.092 

036 

.177 

.079 

.044 

.055 

026 

.096 

.041 

.540 

.061 

1C3 

.597 

.076 

/ 

range: 

.026  -  .597 

aean  value 

.127 

St.  Dev. 

.163 

NAA  *  Sb  results  (jag) 
tlngerpr luted  C.C.l.  .44"  cal.  cartridges 


.662 

/ 

3.346 

.792 

2  .064 

.502 

.779 

.791 

.516 

1.793 

.708 

.338 

.559 

.470 

1.235 

1.085 

1.018 

.486 

2.345 

1.343 

range: 

.338  -  3.345 

Bean  value  1.042 
St.  Dcv.  .  1302 


FOREFINGER  951 

.593 

.813 

2  x566 

2.717 

.899 

.875 

6  690 

1,226 

.656 

.735 

.363 

2  668 

.690 

2.324 

.970 

2  674 

3  390 

.752 

.796 

range: 
aean  value 

St.  Dev. 


.363  -  6.690 
1.692 
1.  520 


/:  not  found 


^0.003  for  Sm  and  ^  0.005  /ug  for  Sb 
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FIG.  1  —  BULLET  SPEED 
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QUANTITATIVE  AND  QUALITATIVE  DETLCTION  OF  a-  AND  p-HMX 


Fredrik  Hopfgarten 
Nobel  Chemicals  AB 
Department  NEQ  3 
S-691  85  KARLSKOGA 
SWEDEN 


Abstract 


HMX  ( Octahydro- 1 , 3, 5, 7-tetranitro-i, 3, 5, 7-tetrazocina '  has 
four  polymorphs  a,  p,  y  and  6.  These  are  stable  at  different 
temperature  ranges  and  have  different  impact  sensitivities. 

The  most  stable  form  at  room  temperature  is  the  p -polymorph. 
The  first  three  polymorphic  forms  are  workably  stable  at 
normal  pressure  and  temperature  but  the  6 -polymorph  transforms 
so  readily  that  little  has  been  done  with  it.  The 
classification  of  the  polymorphs  has  been  derived  from  a 
consideration  of  physical  properties.  Only  one  melting  point 
(280  °C)  is  known  but  solid  transitions  have  been  observed. 

The  X-roy  diffraction  powder  patterns  of  the  polymorphs  are 
quite  distinctive  and  unique  for  th"?  four  different 
polymorphic  forms. 

In  order  to  decide  which  ana-ytical  method  is  the  most 
suitable  for  both  quantitative  and  qualitative  analysis  of  HMX 
different  methods  have  been  tested.  The  results  from  these 
analyses  ate  dismissed  and  the  advantages  cf  the  different 
methods  are  described. 


1.  INTRODUCTION 

HMX  ( Octahydro- 1, 3, 5, 7-tetranitro-l, 3, 5, 7-tetrazocine )  (fig 
1)  is  known  to  exist  in  four  polymorphic  forms:  or,  0,  y  and 
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5.  The  first  three  are  workab.ly  stable  at  room  pressure  and 
temperature  but  6 -HMX  transforms  so  readily  that  little 
has  been  done  with  it.  For  the  present  study  two  of  the 
four  polymorphs  were  available,  namely  the  <x-  and  3 -HMX. 

The  classification  as  polymorphs  has  baen  derived  from 
a  consider ation  of  physical  properties.  Only  one  structural 
formula  is  required  to  explain  the  properties  of  HMX  in 
solution.  Only  one  melting  point  (-280  °C)  is  known  but 
solid'-otate  transitions  may  be  observed.  The  X-ray 
diffraction  powder  patterns  of  the  polymorphs  are  quite 
distinctive  although  frequently  during  analysis  of  v 
HMX,  there  is  evidence  of  total  or  partial  transformation. 

According  to  previous  authors  (ref  1),  p-HMX  contains  a 
ring  conformation  such  that  the  NO^  groups  adopt  a 
chairlike  arrangement.  This  gives  the  entire  molecule  a 
center  of  symmetry.'  The  ring  conformation  of  a-,  y-  and 
5 -HMX  is  such  that  all  the  N02  groups  are  positioned  on  one 
side  of  the  molecule,  and  tne  conformation  possesses  a  two¬ 
fold  asiial  symmetry.  The  discovery  (ref  2)  that  the  y-  form 
is  actually  a  hydrate  corresponding  to  the  formula 
?.  C  H  N  0  '  5  H  O  is  worth  nothing.  The  question  raised  in 
our  mind  is  how  these  differences  between  the  polymorphs 
translate  in  terms  of  their  heat  capacity  variations.  6-HMX 
is  normally  absent  from  samples  that  have  been  solution- 
processed  because  this  form  is  thermodynamically  favored 
only  at  high  temperatures  (>140  °C). 

The  following  methods  have  been  used  for  the  examination 
cf  HMX:  X-ray  powder  diffraction,  iR-spectroscopy  and  DSC, 
and.  only  a-  and  3 -HMX  have  bean  studied.  The  infrared 
spectra  of  a-  end  fs-KMX  in  pellet  dispersion  are 
ouite  distinctive.  Indeed,  the  infrared  differences  are 
so  striking  that  they  sec-e  as  well  as  the  X-ray 
diffract  j.or.  patterns  for  identification. 

EXPERIMENTAL 


In  x-ray  powder  diffraction  work,  the  inherent  precision  of 
the  Guinier  camera  geometry  is  of  vital  importance,  not 
only  for  effective  search-match  and  indexing  procedures, 
but  also  for  profile  refinements  and  quantitative  analyses. 
The  collection  of  data  on  film  has  further  advantages  over 
other  methods  in  that  it  is  cheap  and  produces  a  durable 
record.  Several  computer-linked  densitometer  systems  have 
been  designed  for  crystallography.  These  systems  were  all 
designed  for  general,  two-dimensional  diffraction 
photographs,  such  as  precession  or  oscillation  films.  The 
data  collection  from  a  Guinier  photograph,  however,  is 
essentially  a  linear  scan  process,  and  the  use  of  a  drum 
densitometer  is  an  unnecessary  complication.  The  correction 
procedure  has  made  it  possible  to  avoid  scaling  errors  from 
films  of  different  exposure  times.  The  new  Guinier  micro¬ 
densitometer  has  been  designed  as  a  single-beam  instrument. 
Thanks  to  an  interpolation  procedure  for  finding  peak 
positions  and  to  the  use  of  the  internal  standard 
technique,  the  differences  between  observed  and  calculated 
2e  values  are  usually  less  than  0.01.  Test  runs  with  a  step 
length  of  O' 02  mm  have  not  improved  the  data  quality,  but 
have  proved  that  the  data  are  more  dependent  on  camera 
adjustment,  stability,  internal  standard  and  sample 
preparation  technique  than  on  the  step  length  of  the 
measuring  device.  The  scanner  mention  above,  is  described 
in  a  Research  Paper  (Johansson,  et  al  1980,  ref  16). 

The  IR-spectrosccpy  system  usud  for  obtaining  spectra  of 
HWX  is  a  Parkin-2?mer  model  7-31 .  All  samples  were  run  as 
potassium  bromide  pellets.  Samples  were  prepared  in  the 
following  manner:  approximately  1. 3-1.8  mg  of  HMX  were 
weighed  to  the  closest  0.02  mq  and  added  to  300  ♦  3  mg  of 
potassium  bromide.  Mixing  w«s  accomplished  by  grinding  in 
ball  mill  for  60  sec.  The  pellets  are  made  as  fol’ows. 

Place  the  die  assembly  under  a  press  ( Perkin-Elmer  15  ton 
press).  Evacuate  die  assembly  for  about  3  minutes,  then 


apply  load  to  plunger  sufficient  to  produce  the  desired 
quality  of  pellet  (the  load  is  10  tons).  Evacuation  should 
proceed  during  the  application  of  load  end  be  maintained 
for  a  further  2  minutes.  Release  load  on  die  but  proceed 
with  the  evacuation  another  2  minutes  then  release  the 
vacuum.  All  samples  were  examined  as  potassium  bromide 
pellets  from  4000  to  600  cm"1  in  the  transmission  mode.  For 
the  quantitative  classification  the  absorbance  mode  was 
used  from  1060  to  780  cm" ' ,  with  maximum  ordinate  scale 
expansion.  Optimization  of  the  instrument  was  accomplished 
following  the  vendor's  recommended  procedure.  A  polystyrene 
film  was  used  to  assess  performance - 

DSC.  the  instrument  used  was  a  Differential  Scanning  Calo¬ 
rimeter  (DSC),  Ferkin-Elmer  DSC-7.  The  DSC  has  the 
following  specifications. 


DSC  Type 

Power  compensated  temperature  null 
principle.  Measures  energy  directly 
not  differential  temperature  (T). 

DSC  Cell 

Independent  dual  furnaces  con¬ 
structed  of  platinum-iridium  alloy 

with  independent  platinum  resi¬ 
stance  heaters  and  temperature 

sensors. 

Maximum  Sensitivity 

8  ti  W/c;m 

Dynamic  Range 

8  [i  W/cm  to  28  mW/cm 

Noise  (RMS) 

0.002  mW 

Calorimetric  Accuracy 

♦  1  % 

Calorimetric  Precision 

i  0.1  % 

Temperature  Precision 

i  0.1  3C 

Temperature  Accuracy 

i  0.1  °C 

Tempera-cure  Display 

0.1  °C  increments 

lieating  s  Cooling  Rates 

0.1  ^C/min  to  500  °C/min  in  0.1  °C 
increments 

Optimization  c*£  the  instrument  baselines,  curvature  and 


slope  was  accomplished  by  following  the  vendor's 
recommended  procedure.  The  standard  used  for  temperature 
and  energy  calibration  was  Indium,  156.60  °C  melting  point 
and  28  45  J/g  transition  energy.  A  sample  of  approximately 
10  mg  was  used  with  a  scanning  r=ete  of  2  °C/min.  Samples 
used  were  of  different  types,  including  HMX.  The  sample 
size  was  kept  as  small  as  practicable  (1-5  mg),  scan  rates 
were  20  °C/min. 

A  total  of  nine  samples  were  tested.  The  composition  of  the 
samples  were  as  following  percent  a^BMX/p-HMX:  0;  0.51; 
0.90;  1.21;  1.25;  4.78;  7.49;  10.48  and  100  %.  These  nine 
samples  were  examinated  both  with  X-rray  powder  diffraction 
and  IR-speccrosccpy  for  quantitative  determination  of 
a -HMX.  The  phase  transition  was  studied  with  DSC,  and  this 
technique  can  also  be  used  fosr  qualitative  analysis  of  HMX. 

For  the  X-ray  measurments  of  HMX  the  intensity  of  a 
reflexion  from  both  a-  and  (3-HMX  were  used.  For  the  a-phase 
the  reflexion  with  h,k,l- index  1,1,1  was  used  and  for  the 
g-phase  the  reflexion  with  h,k, 1-index  1,0,1.  The  intensity 
of  the  reflexion  depends  on  the  concentration.  All 
examinations  were  made  with  CuKa  radiation  with  the 
wavelength:  1.54C60  A  and  with  a  camera  radius  of  40.16  mm. 

Samples  with  the  same  composition  were  examined  with  IR- 
spectroscopy  for  the  qualitative  analyses  the  absorbar.ce 
mode  was  used.  The  IR-absorbance  is  measured  at  the 
wavenumber  1030  cm"'  where  a -HMX  has  an  absorbance  peak,  in 
contrast  to  p-HMX  which  has  no  absorption  at  this 
wavenumber.  As  reference  line,  the  absorbance  at  the 
wavenumber  800  cm"  ‘  is  use.d,  where  either  a-  or  fi-HMX  have 
any  absorbance  ( see  fig  2  and  3 ) .  With  the  Perk.in-Elmer 
model  DSC-7,  both  transition  temperature  and  transition 
energy  are  obtained  simultaneously.  The  temperature  is 
varied  from  +160  “c  to  +284  °C.  The  same  nine  sample 
compositions  which  have  been  examined  X-ray  and  IR  were 
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studied  with  DSC.  Examples  of  thermogram  describing  phase 
transition  (see  fig  4). 

3.  RESULTS  AND  DISCUSSION 

The  calibration  curve  from  the  X-ray  analyses  is  shown  in 
fig  5  with  the  regression  output.  The  X-ray  powder 
diffraction  data  for  a-HMX  see  Table  1  and  for  (J-HMX  see 
Table  2.  In  Table  3,  the  results  from  the  automatic 
microdensitometer  for  X-ray  powder  diffraction  photographs 
are  presented.  It  is  important  to  note  that  there  has  been 
no  correction  for  absorption  of  the  X-ray  radiation  in  the 
crystals.  But  we  expect  to  have  the  same  absorption  in 
a-HMX  as  in  p-HMX  and  especially  if  we  choose  reflexions  to 
measure  on  with  almost  the  same  0.  Another  disadvantage 
with  X-ray  analyses  of  HMX  for  quantitative  determination 
of  o-hMX  is  that  the  calibration  curve  does  not  passed 
crigo  and  this  is  because  (J-HMX  has  a  weak  reflexion  at 
d»5.40  A  and  we  measured  the  a-HMX  reflexion  at  d=5.37  A. 
Another  disadvantage  is  that  at  a  low  concentration  of 
a-HMX  gives  a  low  intensity  the  determination  of  the 
background  will  be  unreliable.  Furthermore  with  these  two 
problems,  the  theoretical  line  ought  to  be  a  little  bent. 
The  conclusion  we  can  draw  from  this  results  is  that  we  can 
make  a  quantitative  determination  of  a-HMX  from  1.0  %  up  to 
>10  %  with  an  error  range  of  ±  0.1  %. 

The  calibration  curve  from  the  IR  analyses  is  shown  m  fig 
6  with  the  regression  output.  The  IR-absorbance  spectra  for 
p-HMX  with  0.51  %  a-HMX  and  pure  a-HMX  are  shown  in  fig  7 
and  8.  The  transmission  spectra  for  (J-HMX  with  3  %  a-HMX 
are  shown  in  fig  9.  From  the  transmission  spectra,  l t  is 
obvious  that  these  spectra  can  not  be  used  for  qualitative 
analyses  of  HMX  since  a  content  of  <3  %  can  not  be 
indicated  in  these  spectra,  (see  fig  9).  From  the 
absorbance  spectra  then  there  arc-  no  problems  in  making  a 
quantitative  analysis  cf  a-HMX  down  to  a  concentration  cf 
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0.5  %  a-HMX  with  an  error  range  of  ±  0.05  %.  The  following 
are  important  to  take  note  of  in  IR-analyses  of  HMX  using 
KBr  pellets.  RDX  will  interfere  at  the  wavenumber  1030  cm'1 
with  a-HMX,  so  correction  for  RDX  must  be  made  if  the 
sample  includes  of  some  amounts  of  RDX.  There  can  also  be 
change  in  the  spectra  probably  caused  by  stress  relaxation 
in  the  XBr  pellet  or  exchange  between  HMX  and  KBr  such 
phenomena  have  been  reported  for  inorganic  compounds  and 
KBr.  It  is  also  important  to  note  that  a  lot  of  energy  will 
be  generated  when  the  pellets  are  being  made.  The  load  is 
10  tons  and  the  pellet  die  has  been  dried  at  a  temperature 
of  +70  °C.  So  the  pellet  die  will  be  a  reaction  chamber, 
which  can  make  it  possible  to  generate  new  or  change  phases 
in  the  HMX  sample. 

The  identification  and  characterization  of  phase 
transitions  in  organic,  inorganic  and  polymeric  materials 
are  obviously  generally  important.  HMX  thermograms  obtained 
at  a  scan  rate  of  20  °C  min"1  showed  a  phase  transition. 

See  fig  10.  This  solid  transition  is  shown  as  a  broad  (not 
sharp)  peak.  The  transition  endotherm  spanned  a  temperature 
interval  of  c.  20  K,  with  initial  temperatures  in  general 
agreement  with  the  value  of  459  K  reported  by  Krien  the 
enthalpy  of  transition  (2.3510.2  kcal  mol'1)  may  be 
compared  with  the  value  of  2.25  kcal  mol'1  for  the  p-6 
transition  quoted  by  Selig.  The  decomposition  exotherm 
beginning  at  c.  540  K  was  interrupted  by  a  sharp  fusion 
endotherm  at  c.  551  K  and  an  immediate  rapid  increase  in 
the  rate  of  decomposition.  The  energy  of  activation  of 
180-210  kcal  mol' 1  for  decomposition  below  the  melting 
point  is  considerably  higher  than  the  value  of  52.7  kcal 
mol' 1  reported  by  Rideai  et  al  and  may  be  compared  with  the 
DSC  value  of  228*24  kcal  mol'1  reported  by  Rogers  and 
Morris.  The  temperature  range  corresponding  to 
decomposition  of  HMX  (c.  530-550  K)  was  also  scanned  at  a 
rate  of  0.5  K  min’1 .  It  is  possible  that  these  high  values 
for  the  acitivation  energy  for  HMX  is  related  to  the 
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complexity  of  the  decomposition  reaction  in  the  condensed 
state.  The  agreement  between  our  results  and  those  Rylance 
(ref  13),  Krien  (ref  12)  and  Hall  (ref  11)  is  quite  good 
(see  Table  4).  Thermogram  from  the  test  (see  fig  10  and 
11). 

Table  4 

HMX  TRANSITION  ENTHALPIES 

AH  trans  (kJ  mol" 1 ) 


T(°C) 

Transition 

this  work 

Ref  11 

Ref  12 

Ref  13 

193-204 

°C 

a  -»  S 

7.5 

8.0 

7.4 

6.7 

167-183 

°C 

P  -  5 

9.3 

9.6 

vO 

CD 

9.3 

For  pure  a -HMX  a  higher  transition  temperature  was 
obtained.  As  a  conclusion  I  can  say  that  it  is  always 
valuable  to  make  a  DSC-run  in  order  to  obtain  a  thermogram 
containing  a  lot  of  other  information  as  well  as  the 
information  about  phase  transition  and  energy  of  any  phase 
transition.  One  will  also  obtain  information  about  absolute 
purity  for  single  component  systems.  For  quantitative 
determination  of  a -HMX,  I  think  it  is  best  to  compare  the 
X-ray  results  with  IR  if  possible.  In  the  near  fucure,  we 
will  start  to  examine  HMX  samples  with  a  FTIR-spectrometer, 
there  are  three  major  advantages  of  Fourier  transform 
infrared  in  comparision  with  dispersive  instruments, 
including  high  signal-to-noise  ratio,  speed  and  wavenumber 
accuracy. 
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Figure  1  Structural  formula  of  HMX 


Figure  2  IR-transmission  spectra  of  a -HMX 


Figure  3  IR-transmission  spectra  of  p-HMX 


Figure  4  Example  of  a  thermogram  showing  a  solid-solid 
transition 


Intensity 


23-12 


a-HMX  Content 

Calibration  Curve 


a-HMX  X 

Figure  5  Calibration  curve  from  the  X-ray  Analyses  with 
the  regression  ou+put 


Figure  8  IR-absorbance  spectra  for  a-HMX  without  p-HMX 
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Figure  9  IR-transraission  spectra  for  p-HMX  containing 
3  %  a-HMX 
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Figure  10  Thermogram  of  HMX  with  2.40  %  a-HMX  showing  the 
a-S  phase  transition 
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Figure  11  Thermogram  of  a-HMX  showing  the  a -5  phase 
transition 
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Table  1  X-ray  powder  diffraction  data  for  a-HMX  and 
and  2  p-HMX 
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Table  3  Output  from  the  automatic  microdensitometer 

for  X-ray  powder  diffraction  data.  The  sample 
examinated  with  X-ray  powder  diffraction  consist 
of  p-HMX  with  7.45  %  a-HMX 


24-1 


POST  EXPLOSION  ANALYSIS  BY  NMR  SPECTROMETRY 

Y.  Bamberger*,  Y.  Marmalif  and  S.  Zitrin* 

*Divislon  of  Criminal  Identification,  Israel  National 
Police,  Jerusalem,  Israel. 

“Israel  Institute  for  Biological  Research,  Ness-Ziona, 
Israel  70450. 


ABSTRACT 

In  order  to  evaluate  the  applicability  of  NMR  spectrometry 
to  post-explosion  analysis,  the  method  was  used  in  24  cases 
handled  by  the  Israeli  Police.  In  12  cases,  explosives  were 
identified  by  NMR  in  residues  taken  from  post-explosion 
debris.  In  one  case  NMR  was  used  successfully  to  identify 
traces  of  explosives  on  a  vehicle. 

The  method,  which  was  used  without  pre-separation  or 
cleaning  procedures  was  found  to  be  reliable,  fast,  and 
identified  explosives  in  about  half  of  the  cases. 

1.  INTRODUCTION 

NMR  spectra  of  common  explosives  and  related  compounds 
have  been  recorded  (1,2),  using  60  MHz  instruments.  NMR  was 
also  used  to  identify  unknown  samples  of  explosives  (3,4). 

Our  group  tried  to  apply  NMR  to  post-explosion  analysis, 
using  higher  magnetic  field.  Following  promising  results  (5), 
we  broadened  the  scope  of  our  previous  work.  The  NMR  spectra 
of  32  explosives  and  related  compounds  were  recorded  on  a  250 
MHz  instrument,  in  order  to  serve  as  a  reference  library. 

Then  the  method  was  applied  to  24  cases  handled  by  the 
Israeli  Police.  Results  obtained  by  other  methods  (TLC,  LC 
and  sometimes  GC/MS)  were  compared  with  the  NMR  results. 

•Author  to  whom  correspondence  should  be  addressed. 
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2.  EXPERIMENTAL 

The  NMR  spectrometer  was  a  BRUKER  WM-250,  operating  at  250 
MHz  for  protons.  The  NMR  measurements  were  done  on  protons. 

The  samples  included  pure  explosives  and  post-explosion 
samples.  Exhibits  from  post-explosion  sites  had  been 
extracted  with  acetone.  The  extracts  were  dried  on  a  water 
bath  and  re-dissolved  in  acetone-d*,  containing  0.1%  TMS 
(internal  reference). 

The  number  of  scans  in  each  post-explosion  spectrum  was 
100-400  (5-10  minutes).  The  amounts  of  the  original 
explosives  in  the  post-explosion  samples  were  not  known  but 
could  be  estimated  to  be  at  least  10  micrograms  of  unexploded 
explosive  material  in  the  extract. 

3.  RESULTS  AND  DISCUSSION 

NMR  spectra  of  the  following  explosives  and  related 
compounds  have  been  recorded  and  served  as  a  basic  library. 

a)  Nitroaromatic  compounds: 

1 . 3- dinitrobenzene j  1,4-dinitrobenzene;  2,4-dinitrophenol ; 

2.4- dinitrochlorobenzene;  2,4-dinitrotoluene  (2,4-DNT); 

2 . 6- dinitrotoluene  ( 2 , 6-DNT ) ;  1 , 3-dinilronaphthalene ; 

1.4- dinitronaphthalene;  1 , 5-dinitronaphthalene;  1,8-dinitro 

naphthalene;  1 ,3, 5- trinitrobenzene  (TNB) ;  2,4,6-trinitro 
phenol  (picric  acid);  2,4,6-trinitroresorcinol  (styphnic 
acid ) ;  2,4, 5-tr initrotoluene  (2,4, 5-TNT ) ;  2,4, 6-trinitro 

toluene  (2,4,6-TNT);  2,4,6-trinitrocresol ;  2. A, 6-trinitro 

anisole;  2,4,6-trinitrobenzoic  acid;  2,4,6-trinitroxylene; 

2.4. 6- trinitrophenetol ;  1,3, 5-tr initronaphthalene ; 

1,3, 3- tr initronaphthalene ;  1,4, 5-tr initronaphthalene . 

b)  Nitrate  esters: 

ethyleneglycol  dinitrate  (EGDN);  diethyleneglycol  dinitrate 

(DEGN);  glycerine  trinitrate  ("nitroglycerine");  cellulose 

nitrate  ("nitrocellulose");  pentaerythritol  tetranitrate 
{ PETN ) . 
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c)  Nitramines: 

l,3r5-trlnitro-l,3,5-triazacyclohexane  (RDX) ; 

1,3,5, 7-tetranitro- 1,3,5, 7- tetraazacyclooctane  ( HMX ) ; 

2,4,6,  N-tetranitro-N-methylaniline  (tetryl). 

The  NMR  spectra  of  24  extractions  from  explosive-related 
exhibits  were  recorded.  The  exhibits  were  collected  by  the 
Israeli  Police  and  included  debris  from  post-explosion  sites . 
In  one  case,  the  exhibits  included  traces  of  explosives  taken 
by  wiping  a  suspect’s  car.  The  cases  belonged  to  files 
handled  by  the  Police  during  1983-1989.  Some  of  the 
explosions  were  connected  to  terrorist  activity  and  the  rest 
were  connected  to  safe  burglaries  and  other  criminal 
activities.  In  all  cases  the  NMR  analyses  were  carried  out 
after  the  samples  had  been  identified  by  other  analytical 
methods  in  the  Israeli  Police  laboratories.  The  methods 
included  TLC,  LC  and  sometimes  GC/MS. 

In  11  cases  the  NMR  results  did  not  reveal  the  presence  of 
the  explosives  found  by  the  police  laboratory  (usually  TNT  or 
nitroglycerine) . In  the  other  13  cases,  summarized  in  Table  1, 
explosives  were  positively  identified  by  NMR. 
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Tiftl  l  •  Identification  of  Ixplosive*  fro* 
Post-bplosioc  Basidues  by  M 


file  Rater 

xctttuum 

1462/83 

M  taults 

Mmstsisimsmsmtm 

Pm  4  loser  nitrate 
eaten  (tri-  and  di- 
nitrate*  of  FI*) 

Official  Laboratory 
Insults  by  other  setbods 

xtftmmtnmtmiiiim 

pm 

laiarks 

fissimssmimssmssmmtmmi 

uiping  the  wheel  and  other  parts  of  a 
suspect's  car 

1459/63 

pm  4  tri-  and  di- 
nltratea  of  Pi 

pm 

safe  “cracking" 

1461/83 

pm  4  tri-  and  di- 
nltratee  of  PI 

pm 

safe  *crackint" 

7105/84 

rat 

tn  +  TKT 

suspected  package  exploded  by  police 

1975/85 

rat  ♦  pm 

rat  4  pm 

explosion  near  apartsent  house  in 
crieinal  act 

3667/85 

rat  ♦  pm 

rat  4  pm 

explosion  near  the  Israeli  Police  HQ 

4302/8S 

Pm  4  tri-  and  di- 
nitraten  of  PI 

pm 

safe  "cracking"  in  a  Post  Office 

2537/86 

UStorHIX 

m 

accidental  fatal  explosion  of  a 
"UWT  nissile 

11733/88 

m  d:i) 

-  -  -  - . 

explosion  (terrorist  act) 

9200/88 

UK  4  TUT  (traces) 

RDX  f  m 

— 

explosion  of  a  pipe  (terrorist  act) 

6738/88 

Pm  4  tri-  and  di¬ 
nitrates  of  PI 

pm 

explosion  of  a  car 

502/88 

Pm  4  tri-,  di-,  and 
aono-nitrates  of  PI 

pm 

safe  ’cracking* 

100/89 

Pm  4  tri-  and  dl- 
nitrates  of  PI 

pm 

safe  ’cracking* 

*FI  *  pwteerythritol 


It  should  be  noted  that  the  method  could  not  distinguish 
between  RDX  and  HMX ,  whose  protons  have  the  same  chemical 
shift.  Figures  1-2  show  NMR  spectra  of  three  typical  cases. 
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The  appearance  of  the  hydrolysis  products  of  PETN  in  post- 
explosion  extracts  containing  PETN  was  previously  reported 
(6,7).  They  accompany  PETN  in  most  of  its  post-explosion 
extracts.  Usually  the  trinitrate  and  dini urate  esters  of 
pentaerythritol  (PE)  are  detected.  One  case  where  the 
mononitrate  ester  of  PE  was  firstly  identified  by  NMR  in  a 
post-explosion  extract  is  shown  in  Figure  4. 


Fig. 4  -  NMR  spectrum  of  a  post-explosion  extract  containing 
PETN  and  tri-,  di-,  and  mononitrate  esters  of  PE. 

The  molar  ratio  between  all  the  nitrate  esters  of  PE  ii. 
this  case  was:  tetranitrate  (PETN):  trinitrate:  dinitrate: 
mononitrate  *  100:10:2:1,  respectively. 

The  ratio  between  the  different  nitrate  esters  of  PE  could 
vary  in  different  exhibits  from  the  same  explosion.  This  is 
demonstrated  in  a  safe  "cracking"  (Figure  5)  where  extracts 
were  taken  separately  from  two  metal  pieces  of  the  broken 
safe  and  from  the  area  where  the  safe  was  placed.  The  molar 
ratio  of  the  nitrate  esters  of  PE  was  different  in  the  three 
extracts . 


Fig. 5  -  NMR  spectra  of  three  samples  collected  from  a  safe 
cracking  site.  i.  and  2  are  from  metal  pieces  and 
3  from  the  general  area  at  the  site. 

4.  CONCLUSIONS 

While  the  reliability  of  NMR  for  the  identification  of 
organic  compounds  is  well  established,  it  is  not  considered  a 
method  of  choice  for  post-explosion  analysis.  It  seems  that 
the  sensitivity  of  the  method  would  not  suffice  for  the 
traces  of  explosive  residues,  and  that  other  contaminants 
from  the  debris  would  interfere. 

This  paper  demonstrates  that  in  many  cases  (over  50%  from 
the  cases  listed  above)  NMR  can  be  successfully  used  for  the 
identification  of  explosives  after  the  explosion.  The  NMR 
method  is  fast,  reliable  and  identifies  several  explosives  in 
one  run,  without  any  pre-separation.  The  recent  developments 
in  NMR  instrumentation  increased  remarkably  the  compatability 
of  the  method  for  post-explosion  analysis. 
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EXPLOSIVES  DETECTION  WITH  AN  ION  TRAP  MASS  SPECTROMETER 

Scott  A.  McLuckav.  Gary  L.  Glish,  and  Barry  C.  Grant 
Analytical  Chemistry  Division 
Oak  Ridge  National  Laboratory 
Oak  Ridge,  TN  37831-8121 

Abstract 

The  combination  of  atmospheric  sampling  glow  discharge 
ionization  with  mass  spectrometry/mass  spectrometry  provides  a 
powerful  approach  to  the  detection  of  trace  quantities  of 
explosives  in  air.  The  ion  source  is  operated  in  such  a  way  as  to 
make  it  relatively  immune  to  ionization  interferences.  False 
alarms  are  minimized  by  mass  spectrometry/mass  spectrometry,  which 
has  orders  of  magnitude  greater  informing  power  than  other 
analyzers  used  in  explosives  detection.  The  ion  trap  mass 
spectrometer  is  a  promising  new  device  for  mass  spectrometry/mass 
spectrometry.  A  glow  discharge  ion  source  has  been  coupled  to  an 
ion  trap.  Even  in  its  early  stage  of  development  it  has  proved 
superior  to  devices  that  employ  more  conventional  approaches  to 
mass  spectrometry/mass  spectrometry.  Improvements  in  ion  injection 
into  the  ion  trap,  however,  are  desirable  (and  are  likely) . 

Intiaflastian 

We  have  been  pursuing  the  rapid  detection  of  trace  quantities 
of  explosives  by  atmospheric  sampling  glow  discharge  ionization 
(ASGDI)  [1]  in  conjunction  with  mass  spectrometry/mass  spectrometry 
(MS/MS)  [2].  Our  initial  efforts  were  devoted  to  the  development 
of  an  MS/MS  instrument  with  a  quadrupole/time-of-f light  (QTOF) 
geometry  [3].  During  the  course  of  this  work,  new  developments  in 
the  analytical  capabilities  of  the  three-dimensional  quadrupole  [4] 
made  this  device  potentially  useful  as  the  MS/MS  portion  of  an 
explosives  detector.  A  number  of  critical  questions,  however,  had 
to  be  answered  before  it  could  be  concluded  that  an  explosives 
detector  based  on  the  3-D  quadrupole  could  replace  or  even  compete 
with  one  based  on  a  more  conventional  MS/MS  instrument. 
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This  paper  begins  by  briefly  reviewing  the  ASGDI  source  as  it 
relates  to  the  ionization  of  explosives  and  the  general  aspects  of 
MS/MS  that  make  it  particularly  useful  for  this  application.  The 
commercial  version  of  the  3-D  quadrupole,  Finnigan-Mat ' s  ion  trap 
mass  spectrometer  (ITMS),  is  then  compared  with  the  QTOF  instrument 
with  particular  emphasis  on  relative  merits  for  explosives 
detection.  The  remainder  of  the  paper  is  devoted  to  illustrating 
important  aspects  of  the  ASGDI  source/ITHS  explosives  detector  we 
have  noted  over  the  past  eight  months.  Particular  emphasis  is 
placed  on  the  critical  questions  faced  at  the  outset  of  this  work 
and  on  the  behavior  of  some  of  the  common  explosives  in  the  ASGDI 
source/ITMS  system. 

Atmospheric  Sampling  Glow  Discharge  Ionization 
for  Explosives  Detection 

A  sine  qua  non  for  mass  spectrometry  in  general  is  a  source  of 
ions.  The  sample  of  interest  must  be  converted  from  its  normal 
state  into  gas-phase  ions  before  mass  analysis.  The  ionization 
method  is  therefore  crucial  to  any  analysis  based  on  mass 
spectrometry.  The  explosives  vapor  detection  problem  requires  the 
formation  of  ions  characteristic  of  explosives  when  they  are 
present  in  a  complex  mixture,  ambient  air.  The  relative 
concentrations  of  mixture  components,  particularly  at  the  parts  per 
million  level  and  below,  can  vary  widely  with  both  location  and 
time.  Since  it  is  desirable  to  detect  explosives  present  at  parts 
per  trillion  levels  and  below,  an  extremely  selective  ionization 
method  is  mandated.  He  analyze  negative  ions  because,  unlike  most 
compounds  in  nature,  explosives  readily  form  anions.  Indeed, 
several  other  approaches  to  explosives  vapor  detection  take 
advantage  of  this  characteristic.  These  include  ion  mobility 
spectrometry  (IMS)  [5],  atmospheric  pressure  ionization  mass 
spectrometry  (APIMS)  £6],  and  gas  chroma tography/electron  capture 
detection  (GC/ECD)  [7].  There  are,  however,  differences  between 
the  conditions  used  in  the  ASGDI  source  and  those  used  in  the  other 
devices  that  have  important  ramifications  for  the  ions  that  are 
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observed  and  the  susceptibility  for  interferences.  These  points 
are  discussed  following  a  brief  description  of  the  ASGDI  source  and 
its  operating  conditions. 

A  side-view  schematic  of  the  ASGDI  source  attached  to  a 
quadrupole  mass  filter  is  shown  in  Figure  1.  The  ionization  region 
is  contained  within  a  6"  Conflat  flange.  A  1  3/4"  diameter  hole 
is  cut  through  the  center  of  the  flange.  Four  1/2"  pumpout  ports 
are  drilled  through  the  side  of  the  flange.  Two  aperture  plates 
Al  and  A2  are  attached  to  either  side  of  the  Conflat  flange  and  are 
electrically  isolated  from  the  flange  by  Viton  O-rings.  The  0- 
rings  also  serve  as  vacuum  seals.  Al  contains  a  200  pm  aperture 
in  its  center  and  is  attached  to  the  atmosphere  side  of  the  flange. 
A2  contains  an  800  pm  aperture  in  its  center  and  is  attached  to  the 
vacuum  side  of  the  flange.  The  flange  is  typically  pumped  at  a 
rate  of  «8  L/s  which  gives  a  pressure  in  the  ionization  region  of 
~0 . 7  Torr.  Under  these  conditions,  ambient  air  is  drawn  into  the 
flange  at  a  rate  of  «5  mL/s.  A  potential  of  «-400  V  is  applied  to 
Al  while  A2  is  typically  grounded.  Under  these  conditions  a  glow 
discharge  spontaneously  begins  between  Al  (cathode)  and  A2  (anode) . 

As  indicated  above,  the  conditions  used  in  the  ASGDI  source 
are  significantly  different  from  those  used  in  ionization  at 
atmospheric  pressure.  These  differences  and  their  effects  can  be 
appreciated  by  considering  simple  pseudo-first  order  kinetics. 
Consider  the  reaction 

X'  +  M >  X  +  M"  (1) 

where  M  is  present  at  a  constant  concentration  throughout  the 
period  the  reaction  can  proceed.  The  number  of  X'  ions  observed 
after  some  time  t  is  given  by 

[X')=[X'30e-k(M,t  (2) 

and  the  number  of  M'  ions  that  are  formed  is  given  by 

(M'3~[X']0(l-e-klKlt)  (3) 

where  [X']0  is  the  number  of  X'  ions  present  at  t=0,  k  is  the  rate 
constant  for  the  reaction,  and  [M)  is  the  number  density  of  M. 
Under  API  conditions,  flow  rates  are  typically  on  the  order  of  1 
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mL/s  giving  reaction  times  on  the  order  of  1  s.  Rate  constants  for 
fast  ion/aolecule  reactions  are  on  the  order  of  10'®  cm3/molec-s. 
Rate  constants  for  electron  capture  reactions ,  i.e., 

e"  +  M - >  M'  (4) 

can  be  as  high  as  10‘7  cm3/molec-s  (100  times  greater).  Electrons 
are  therefore  quickly  captured  in  the  presence  of  an 
electronegative  gas  forming  anions.  (The  number  density  of 
electronegative  gases  (primarily  02)  in  air  at  atmospheric  pressure 
and  room  temperature  is  *4  x  1018  cm'3.)  The  number  densities  of 
the  reactants  and  the  long  reaction  time  result  in  a  distribution 
of  product  ions  that  reflect  thermodynamic  equilibrium.  Provided 
the  rate  constants  are  not  too  low,  both  the  forward  and  reverse 
reactions  for  an  ion/molecule  reaction  can  occur  a  sufficient 
number  of  times  to  give  an  equilibrium  distribution  of  reactants 
and  products.  Furthermore,  number  densities  are  high  enough  for 
third-body  collisions  to  occur  resulting  in  the  observation  of 
stable  adduct  ions  as  indicated  below: 

X'  +  M  +  N - >  MX'  +  N.  (5) 

In  the  ASGDI  source,  number  densities  are  roughly  three  orders 
of  magnitude  lower  than  in  API  devices.  Furthermore,  the  residence 
time  of  the  molecules  in  the  ionization  region  is  typically  less 
than  1  ms.  Given  such  short  residence  times,  ion/molecule 
reactions  can  only  proceed  to  an  appreciable  extent  if,  assuming 
a  rate  constant  of  10'®  cm3/molec-s,  the  neutral  number  density  is 
greater  than  about  20  parts  per  billion.  Product  ions  only  begin 
to  rival  the  intensities  of  the  background  "reagent  ions"  in  the 
source  (*10%  of  the  total  ion  current)  when  the  concentration  of 
the  analyte  is  at  least  20  parts  per  million.  Therefore,  for 
species  present  at  levels  less  than  1  ppm  the  vast  majority  of 
negative  ions  come  from  electron  capture  and  not  ion/molecule 
reactions. 

These  differences  in  operating  conditions  have  several 
significant  effects  on  the  data  acquired  with  these  ion  sources. 
The  first  is  that  the  ions  characteristic  of  the  explosive  may  be 
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different.  For  API  sources  it  common  to  observe  (M-H)‘  and  (M+X)‘ 
ions  whereas  with  the  ASGDI  source  it  is  common  to  observe  M'  and/or 
fragment  ions.  The  second  effect  manifests  itself  in  the 
susceptibility  for  interferences.  There  are  typically  two  types 
of  interferences  with  most  analytical  techniques.  One  occurs  when 
some  species  other  than  the  analyte  gives  a  signal  that  is 
indistinguishable  from  that  of  the  analyte  (MS/MS  is  used  to 
minimize  this  interference) .  The  second  type  occurs  when  some 
species  alters  the  signal  from  the  analyte  either  by  suppressing 
its  intensity  or  by  moving  it  to  another  part  of  the  spectrum  where 
it  is  not  recognized.  An  example  of  the  latter  would  occur  when 
some  background  species  enters  the  API  ionization  region  in 
sufficient  quantity  to  change  the  ion/molecule  reaction  chemistry 
leading  to  a  change  in  the  identity  of  the  analyte-related  ions. 
This  may  involve  a  change,  for  example,  from  (M+X)‘  to  (M+Y)’. 
Since  ion/molecule  reaction  chemistry  plays  essentially  no  role  for 
low  concentration  analytes  in  the  ASGOI  source,  the  ions  associated 
with  the  explosives  do  not  change  position  on  the  mass  scale 
despite  the  presence  of  large  doses  of  compounds  that  alter 
ion/molecule  reaction  chemistry.  The  ASGDI  source  is  vulnerable 
to  this  type  of  interference  only  insofar  as  it  affects  the  number 
of  electrons  and  distribution  of  their  kinetic  energies.  An 
extreme  example  occurs  when  a  heavy  dose  (>  10  parts  per  thousand) 
of  a  halocarbon  is  used  to  extinguish  the  discharge.  Our 
experience  with  halocarbons  at  levels  insufficient  to  extinguish 
the  discharge  but  sufficient  to  completely  alter  the  distribution 
of  background  ions  in  the  ion  source  is  a  diminution  in  signal  due 
to  explosives  of  a  factor  of  2-3  but  no  change  in  the  identity  of 
the  ions.  The  ASGDI  source,  therefore,  is  relatively  immune  to 
interferences  of  the  second  type. 

Mass  Spsctroaetry/liagg  ..Spgstr<?ffletry  for. Explosives.  Iteteglion 
Explosives  detection  is  a  targeted  compound  analysis  problem. 
KS/KS  is  now  widely  recognized  as  being  particularly  well-suited 
to  this  type  of  problem  [2].  The  MS/MS  experiment  most  frequently 
used  for  explosives  detection  involves  mass-selection  of  an 
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explosives  related  ion  formed  in  the  ion  source,  inducing 
collisions  with  a  target  gas,  and  mass  analyzing  the  fragment  ions 
that  result  from  collision-induced  dissociation  (CID) .  This 
process  is  shown  schematically  in  Figure  2.  The  combination  of  the 
ASGDl  source  with  MS/MS  provides  for  a  highly  specific  form  of 
analysis. 

It  is  difficult  to  predict  a  priori  the  false  alarm  rate  for 
any  of  the  current  explosives  detectors  in  a  real  world  scenario. 
However,  it  is  possible  to  compare  the  techniques  on  the  basis  of 
the  number  of  resolution  elements  in  the  analysis  [8].  The  number 
of  resolution  elements  determines,  in  part,  the  informing  power  of 
an  analytical  technique.  Informing  power  correlates  with 
specificity.  As  a  rule,  as  a  mixture  becomes  more  complex,  greater 
informing  power  is  required  to  distinguish  between  mixture 
components.  A  typical  IMS  spectrum  is  »20  ms  wide  and  a  typical 
peak  width  at  half  height  is  1  ms.  There  are,  therefore,  »20 
resolution  elements  for  the  ion  mobility  spectrometer.  The  overall 
specificity  of  the  analysis  relies  heavily  on  the  selectivity 
afforded  by  negative  ion  API.  Similarly,  for  GC/ECD,  the  resolving 
power  of  the  GC  analysis  is  determined  by  the  chromatographic 
resolution.  For  most  GCs  used  in  explosives  detection  there  are, 
at  best,  a  few  hundred  resolution  elements  in  the  typical 
chromatogram.  The  overall  specificity  of  the  analysis  is  enhanced 
by  ECO.  In  MS/MS,  the  number  of  resolution  elements  is  the  product 
of  the  resolution  elements  of  each  stage  of  MS.  For  the  ITMS,  the 
resolution  of  each  stage  of  MS  is  typically  650  (unit  mass 
resolution  throughout  the  mass  range) .  The  explosives  ions 
generally  fall  below  m/z  250  so  that,  realistically,  there  are 
about  250  useful  resolution  elements/stage  of  MS.  The  number  of 
resolution  elements  for  MS/MS  is  therefore  «62,500.  This  number 
may  be  increased  if  additional  resolution  elements  are  added  by 
varying  the  parameters  that  affect  the  reaction  between  stages  of 
MS  [8].  The  specificity  of  the  overall  analysis  is,  of  course, 
enhanced  by  analyzing  negative  ions.  Informing  power  is  also 
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determined  by  the  dynamic  range  of  the  analysis  [8]  which  further 
increases  the  informing  power  of  MS/MS  over  the  IMS  and  ECD.  The 
informing  power  of  MS/MS  is  therefore  several  orders  of  magnitude 
greater  than  any  of  the  other  commonly  employed  vapor  detectors. 

The  sensitivity  of  an  explosives  detector  employing  MS/MS  is 
determined  in  part  by  the  throughput  of  the  MS/MS  instrument.  This 
involves  the  efficiency  of  the  first  stage  of  MS,  the  efficiency 
with  which  fragment  ions  are  produced  from  the  parent  ions,  the 
efficiency  of  the  second  stage  of  MS,  and  the  detection  efficiency. 
These  numbers  are  determined  by  the  mass  analyzers,  ion  optics,  and 
the  way  in  which  CID  is  effected. 

The  JIMS  .aff  .the.  Mg/JfS.  lnstrT4mgnt,  in  an  S«>lp^ygg_.ltefcs.g&?r 

The  figures  of  merit  in  comparing  MS/MS  devices  in  an 
explosives  detector  are  sensitivity,  specificity,  speed,  and  size. 
Relative  to  the  QTOF  geometry,  the  ion  trap  is  much  smaller,  has 
greater  informing  power  (due  to  a  factor  of  ten  greater  mass 
resolution  in  the  second  stage  of  MS)  and  therefore  superior 
specificity,  and  comparable  speed.  The  key  to  whether  or  not  the 
ITMS  can  replace  the  QTOF  is  their  relative  sensitivities.  A 
number  of  questions  must  be  answered  before  it  can  be  concluded 
that  the  ITMS  is  the  best  MS/MS  instrument  for  this  application. 
These  questions  are  as  follows: 

1. )  Does  CID  occur  for  the  anions  of  interest  under 
conditions  used  for  MS/MS  in  the  ITMS? 

2. )  Can  ions  be  injected  into  the  ITMS  from  the  ASGDI  source 
with  sufficient  efficiency  to  compete  with  the  QTOF  geometry? 

3. )  To  what  extent  does  CID  and  electron  detachment  upon  ion 
injection  into  the  ITMS  compromise  explosives  detection? 

Each  of  these  questions  is  discussed  below. 

We  demonstrated  CID  of  polyatomic  anions  in  a  standard  ITMS 
system  [9].  We  found,  however,  the  conversion  efficiency,  the 
number  of  fragment  ions  formed  by  CID  divided  by  the  number  of 
parent  ions  prior  to  CID,  to  vary  widely  with  different  anions. 


For  the  nitroaromatics,  for  example  the  molecular  anions  fragment 
with  conversion  efficiencies  greater  than  10%.  The  (M-H)*  anions 
showed  conversion  efficiencies  <1%.  (As  indicated  above,  the  ASGDX 
source  produces  molecular  anions  for  the  nitroaromatics.) 
Apparently  electron  detachment  dominates  for  the  deprotonated 
molecules.  When  this  situation  prevails,  MS/MS  provides  no  new 
information  relative  to  a  single  stage  of  mass  spectrometry*  For 
the  large  majority  of  explosives  related  anions  we  have  studied 
conversion  efficiencies  are  seen  to  be  well  in  excess  of  10%. 
Illustrative  examples  are  shown  in  the  following  section. 

The  second  and  third  questions  are  related  to  ion  injection 
into  an  ion  trap.  A  schematic  diagram  of  the  side  view  of  the 
system  we  have  constructed  for  this  purpose  is  shown  in  Figure  3. 
The  figure  shows  an  ASGDI  source,  a  three  element  lens  system,  the 
three  electrode  ion  trap  structure,  and  a  conversion  dy- 
node/electron  multiplier  combination.  Details  of  the  ion  injection 
experiment  with  this  device  have  been  described  [10] .  Aspects  most 
relevant  to  explosives  detection  are  summarized  here.  The 
conventional  approach  to  formation  of  ions  in  an  ITMS  is  to  inject 
electrons  through  an  end-cap  and  to  form  ions  by  electron  impact 
within  the  ion  trap.  This  approach  is  unsatisfactory  for 
explosives  detection  since  electron  impact  is  unselective. 
Negative  ion  formation  within  the  ion  trap  is  inhibited  by  the  fact 
that  electrons  are  not  stored  within  the  ion  trap  resulting  in  a 
relatively  low  electron  number  density  for  electron  capture. 
Furthermore,  the  number  density  of  explosives  present  in  the  ITMS 
after  being  leaked  into  the  system  along  with  the  air  matrix  to  a 
total  pressure  of  «  10's  Torr  is  extremely  low.  Therefore,  it  is 
necessary  to  f^nn  anions  from  the  explosives  in  a  region  with  a 
high  electron  number  density  such  as  the  ASGDI  source. 

We  find  that  the  injection  efficiency,  defined  as  the  number 
of  ions  detected  after  being  trapped  in  the  ITMS  divided  by  the 
number  of  ions  that  exit  the  ion  source  during  the  injection 
period,  for  the  molecular  anion  of  TNT  is  roughly  1%  under  optimum 


conditions.  This  is  comparable  to  the  transmission  of  high  mass 
ions  through  the  quadrupole  in  the  QTOF  instrument.  The  conversion 
efficiency  in  the  MS/MS  experiment  in  the  ITMS  for  the  molecular 
anion  of  TNT  is  roughly  30%.  The  conversion  efficiency  in  the  QTOF 
i  this  anion  is  a  few  tenths  of  a  percent.  The  improvement  in 
sensitivity  is  therefore  several  orders  of  magnitude.  This 
i?  j-  .ates  that,  at  least  for  some  of  the  explosives,  the  ASGDI 
so i. je/ITMS  system  is  superior  to  the  QTOF  system  since  the  former 
is  . (jailer,  more  specific,  more  sensitive,  and  has  comparable 
speei .  The  same  conclusion  cannot,  however,  yet  be  drawn  for  all 
of  the  possible  explosives  of  interest.  This  is  addressed  by  our 
third  question. 

CID  has  been  observed  to  occur  concurrently  with  ion  injection 
into  an  ion  trap  for  some  ions.  For  anions,  the  competing  reaction 
of  electron  detachment  can  also  occur  upon  injection.  We  have 
noted  that  the  relative  amount  of  CID  is  minimized  by  the  addition 
of  He  bath  gas  into  the  vacuum  system  to  a  pressure  of  a  few  mTorr. 
(This  also  significantly  enhances  injection  efficiency.) 
Nevertheless,  this  does  not  eliminate  CID.  CID  is  most  likely  for 
particularly  fragile  anions.  (Electron  detachment  is  most  likely 
for  ions  with  low  electron  affinities.  The  anions  from  explosives 
tend  to  have  quite  high  electron  affinities.  Electron  detachment 
upon  injection  is  not  expected  to  be  a  problem  for  the  explosives.) 
CID  can  affect  the  overall  analysis  by  spreading  the  charge  among 
several  different  ions  and  by  decreasing  the  intensities  of  the 
high  mass  ions.  The  latter  ions  are  most  informative  for  MS/MS. 
To  date,  this  appears  to  be  a  problem  primarily  for  the  nitrate 
esters.  Ions  from  the  nitrate  esters  tend  to  readily  fragment  to 
the  N03'  ion.  As  shown  below,  MS/MS  of  the  N03'  ion  can  be  used  to 
detect  nitrate  esters.  However,  for  greater  specificity,  it  is 
desirable  to  analyze  higher  mass  anions. 

We  are  learning  more  about  CID  in  the  ion  trap  and  have 
proposed  measures  that  may  both  increase  injection  efficiency  and 
decrease  CID  upon  injection.  Future  efforts  will  be  made  to  test 
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these  ideas.  However,  until  they  are  demonstrated,  we  base  our 
conclusions  on  the  ASGDI  source/ITMS  combination  upon  its  present 
configuration  and  operating  procedures.  The  following  section  i3 
devoted  to  describing  some  of  our  observations  in  explosives 
detection  with  the  ITMS  in  its  present  configuration.  Some  of 
these  data  illustrate  observations  made  in  this  section. 

Behavior  of.  Explosives  in  the  ASGDI  source/ITMS  System 
i  This  section  illustrates  notable  features  of  the  ASGDI 

source/ITMS  combination  in  the  detection  of  explosives  in  ambient 
air.  Figure  4  illustrates  the  high  conversion  efficiency  in  MS/MS 
frequently  observed  for  explosives  related  anions.  The  top 
spectrum  shows  the  (M-N02)‘  anion  (m/z  176)  from  RDX,  the  major  high 
mass  ion  formed  in  the  ion  source,  isolated  from  all  other  ions 
after  injection  into  the  ion  trap.  The  bottom  spectrum  shows  the 
MS/MS  spectrum.  The  m/z  102  fragment  ion  resulting  from  the  loss 
of  ch2NN02  is  by  far  the  major  product.  The  conversion  efficiency 
is  roughly  65*.  This  compares  very  favorably  with  the  conversion 
efficiency  of  a  few  tenths  of  a  percent  in  the  QTOF  instrument. 

The  base  peak  in  the  ASGDI  mass  spectrum  of  the  nitrate  esters 
EGDK,  NG,  and  PETN  is  m/z  62,  the  N03"  anion.  Richer  mass  ions  are 
also  present  in  the  QTOF  instrument.  However,  the  intensities  of 
the  higher  mass  ions  in  the  ITMS  system  are  greatly  diminished, 
presumably  due  to  CID  upon  injection.  An  ion  at  m/z  62  is  always 
present  in  the  background  mass  spectrum.  He  do  not  perform  MS/M S 
on  this  ion  in  the  QTOF  instrument  due  to  the  relatively  poor  mass 
resolution  of  the  TOF  portion  of  the  instrument.  He  have  found 
with  MS/MS  in  the  ITMS  system  that  the  background  ion  at  m/z  62  has 
a  different  structure  than  the  m/z  62  formed  from  the  nitrate 
esters.  A  comparison  of  MS/MS  spectra  is  shown  in  Figure  5.  The 
top  spectrum  is  the  spectrum  obtained  from  the  background  ion.  It 
fragments  predominantly  to  give  m/z  32,  02*.  The  bottom  spectrum 
shows  the  MS/MS  spectrum  of  the  m/z  62  ion  from  EGDN.  The  major 
product  ion  appears  at  m/z  46  and  is  due  to  O  loss  to  give  N02~. 
He  have  performed  ab  initio  calculations  on  the  N03'  system  [11]  and 
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find  two  stable  structures  for  N0S‘.  These  observations  make  MT/HS 
of  the  m/z  62  anion  useful  for  the  detection  of  the  nitrate  esters. 
For  example,  Figure  6  shows  the  MS/NS  spectrum  of  m/z  62  obtained 
from  a  vapor  sampling  of  SEMTEX-H.  The  presence  of  PETN  is  clearly 
indicated  by  the  appearance  of  the  ion  at  m/z  46,  N02'.  (The  signal 
at  m/z  60  is  from  C03’  not  removed  in  the  initial  mass  selection 
stage  and  the  signal  at  m/z  62  is  undissociated  H03~.) 

We  have  noted  that  black  powder  can  be  detected  with  this 
system  by  monitoring  the  signal  in  the  mass  spectrum  at  m/z  96. 
This  is  illustrated  in  Figure  7  which  shows  the  mass  spectrum  over 
the  region  of  m/z  50-130  in  the  absence  of  black  powder  (top)  and 
when  the  head  space  of  a  vial  of  black  powder  is  sampled  (bottom) . 
The  m/z  96  anion  is  S3".  Black  powder  can  therefore  be  detected  by 
monitoring  sulfur  rather  than  detecting  a  nitro  compound. 

Figure  8  illustrates  the  current  performance  of  the  ASGDI 
source/ITMS  combination  with  respect  to  sensitivity.  The  figure 
shows  a  partial  mass  spectrum  obtained  by  sampling  the  head  space 
vapor  over  a  sample  of  TNT.  Peaks  appear  at  m/z  227  (M‘  ) ,  m/z  210 
(M-OH  )",  and  m/z  197  (M-NO  )'.  These  signals  are  obtained  in  a 
single  scan  of  the  ITMS  using  an  injection  time  of  only  0.3  ms 
Assuming  that  a  TNT  concentration  of  few  ppb  are  sampled,  the 
quantity  of  TNT  drawn  into  the  system  during  this  period  is  roughly 
50  fg.  The  TNT  signals  increase  linearly  with  injection  time  over 
several  orders  of  magnitude.  Therefore  lower  concentrations  give 
similar  signals  at  longer  injection  times.  Injection  times  can  be 
extended  up  to  several  seconds. 

Conclusions 

The  combination  of  ASGDI  with  MS/MS  is  a  powerful  approach  to 
trace  explosives  detection.  The  combination  of  sensitivity, 
specificity,  and  speed  is  unsurpassed  in  current  approaches  to 
vapor  detection.  Even  in  its  early  stage  of  development,  the  ASGDI 
source/ITMS  combination  is  superior  to  the  QTOF  geometry  device  in 
most  respects.  Sensitivity  is  comparable  or  better,  specificity 
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is  significantly  better,  speed  is  comparable,  and  size  is 
significantly  reduced.  A  drawback  is  the  extent  of  CID  upon 
injection  observed  for  some  anions.  This  requires  the  nitrate 
esters  to  be  detected  using  the  NO,'  ion.  The  resolution  of  the 
second  stage  of  MS  makes  this  possible  but  the  use  of  a  higher  mass 
ion  would  be  preferred.  As  our  understanding  of  ion  injection  into 
the  ion  trap  grows  we  anticipate  improvements  in  injection 
efficiency  and  better  control  over  the  extent  of  CID  upon 
injection.  Any  improvements  in  these  areas  will  enhance 
sensitivity  and  specificity. 
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Figure  1-  Side-view  schematic  of  the  atmospheric  sampling  glow 
discharge  ionization  source  attached  to  a  quadrupole  mass  filter. 
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Figure  2-  Generalized  schematic  approach  to  explosives  detection 
using  mass  spectrometry/mass  spectrometry. 
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Figure  3-  Schematic  diagram  of  the  ASGDI  source/lTMS  combination 
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ION  INJECTION  of  RDX  from  C4 


Figure  4-  MS/MS  of  the  m/z  176  anion  from  RDX  (M-NO»)\ 
spectrum  shows  the  m/z  176  ion  injected  from  the  ASGDI 
isolated  from  all  other  ions.  The  bottom  spectrum  shows 
102  anion  from  CID  of  the  m/z  176  anion. 
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Figure  5-  MS/MS  spectra  of  m/z  62  anions:  background  H03'  from  the 
ASGDI  source  (top) ,  N03*  from  nitrated  dynamite  (bottom) . 


m/2 


Figure  6-  MS/M S  spectrum  of  N03  from  SEMTEX-H. 


ION  INJECTION  Mass  Spectrum 
of  BLACK  POWDER 


Figure  7-  Mass  spectra  of  background  ions  injected  from  the  ASGDI 
source  (top)  and  when  vapors  over  black  powder  are  sampled  by  the 
ion  source  (bottom) . 
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ION  INJECTION  Mass  Spectrum  of  TNT 


m/z 


Figure  8-  Mass  spectrum  of  a  few  ppb  of  TNT  in  air  obtained  using 
an  ion  injection  period  of  0.3  me. 
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IDENTIFICATION  AND  CONFIRMATION  OF  SOME 
NITROCAGE  COMPOUNDS  AND  EXPLOSIVES  BY  DEPMS 


T .  H .  Chen  and  C.  Campbell 

U. S.  Army  Armament,  Research,  Development,  and  Engineering  Center, 
Picatinny  Arsenal,  N.J.  07306-5000 

ABSTRACT 


In  the  synthesis  of  new,  polynitroeage  compound?,  it  is  essen¬ 
tial  to  identify  and  confirm  the  compound  synthesized  in  each  step. 
The  techniques  which  are  used  most  often  include  mass  spectrometry, 
nuclear  magnetic  resonance,  infrared  spectrophotometry  and  x-ray 
diffraction  technique.  We  found  that  the  direct  evaporation  probe 
mass  spectrometric  technique  (DEPMS)  to  be  extremely  useful  in  pro¬ 
viding  the  molecular  weight  information  and  the  structural  features 
of  the  new  nitrocage  compounds.  This  technique  was  also  found  to  be 
very  useful  in  the  identification  of  labile  explosives  and  propel¬ 
lants  . 


This  paper  will  describe  the  experimental  conditions  and  discuss 
the  results  obtained. 


1.  INTRODUCTION 

In  the  synthesis  of  new,  polynitroeage  compounds,  it  is  essential 
to  identify  and  eomfirm  the  compound  synthesized  in  each  step.  For 
this  purpose,  a  mass  spectrometric  technique  with  a  DEP  in  the  posi¬ 
tive  ion  chemical  ionization  (PICI)  mode  using  methane  is  explored. 
Aside  from  our  work^-,  we  are  not  aware  of  any  investigations  in  this 
area.  This  technique,  ideal  for  studying  labile  and  nonvolatile 
compounds,  enables  the  determination  of  molecular  weight  as  well  as 
structural  features  using  only  a  minute  quantity  of  sample.  This 
technique  was  also  found  to  be  very  useful  in  the  identification  of 


26-2 


nonvolatile  explosives  and  labile  propellants.  This  paper  will 
briefly  describe  the  experimental  technique  and  discuss  the  results 
obtained  including  pseudomolecular  ions,  ions  resulted  from  the 
compound  of  interest  and  reagent  ions  and  other  ions,  and  fragment¬ 
ation  patterns . 


2.  EXPERIMENTAL 

A  Finnigan  Model  1020  B  Mass  Spectrometer  was  used  in  the  low 
resolution  study.  In  the  DEP  experiments,  a  small  droplet  of  the 
sample  solution  in  acetone  with  a  concentration  of  approximately 
1  pg/j&l  was  carefully  deposited  on  the  loop  of  the  heating  wire. 

The  solvent  was  allowed  to  evaporate  at  room  temperature.  In 
several  instances  where  appropriate  solvents  for  the  samples  could 
not  be  found,  a  very  small  speck  of  solid  sample  was  deposited  on 
the  loop  of  the  heating  wire  directly.  This  method  did  not  work 
well  due  to  easy  loss  of  the  sample  during  sample  deposition  and 
maneuvering  of  the  DEP  into  the  ion  source. 

The  dried  sample  was  introduced  into  the  mass  spectrometer 
through  the  direct  solid  insertion  probe  inlet  and  the  scanning 
program  initiated  just  prior  to  the  insertion  of  the  sample  into 
the  ion  source  in  order  to  prevent  loss  of  more  volatile  species. 

The  ion  source  pressure  was  maintained  at  about  0.3-0. 5  Torr.  Im¬ 
mediately  following  the  insertion  of  the  sample  into  the  ion  source, 
the  sample  was  heated  rapidly  at  the  rate  of  10mA/ sec,  corresponding 
approximately  to  10#C/sec  to  1  A.  The  analysis  time  was  approxi¬ 
mately  100  seconds.  The  DEP  was  then  backed  off  from  the  ion  source 
and  flashed  for  about  3  seconds  at  1.2  A. 

For  PICIDEP  high  resolution  MS  (PICIDEPHRMS)  using  methane, 
Finnigan  Model  8230  Mass  Spectrometer  was  used.  In  this  experiment, 
manual  control  of  the  desorption  chemical  ionization  (DCI)  emitter 
temperature  and  manual  peak-matching  versus  an  appropriate  standard 
which  was  peak-matched  vs.  perfluorokerosene  using  electron  ioni¬ 
zation,  were  employed. 
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3.  RESULTS  AND  DISCUSSION 

The  results  of  the  DEP  experiments  are  summarized  in  Figures  1  - 
16.  The  identification  and  confirmation  of  a  target  compound  in 
the  synthesis  was  based  on  the  assignment  of  the  molecular  weight- 
related  ions,  i.e.,  MH+,  (M-H)+,  (H+C2H5>+*  (M+C3H5)+,  and  (M+MH)+, 
the  fragmentation  pattern,  and  the  comoarison  of  the  mass  chromato¬ 
gram  of  MH+  or  (M-H)+  with  the  reconstructed  ion  chromatogram  (RIC) 
of  the  compound  being  studied.  BP  denotes  base  peak. 

Dinitrocyclopropane  (DNCP)  exhibits  a  simple  mass  spectrum 
(Figure  1)  dominated  by  the  (M+l)+.  Although  quite  weak  in  inten¬ 
sity,  (M+29)+  and  (M+41)  +  were  observed.  The  multimass  chromato¬ 
grams  suggest  that  the  (M+l)+  fragments  to  m/e  86  by  a  loss  of  HN02 
followed  by  a  loss  of  oxygen  to  m/e  70.  The  peak  at  m/e  114  may  be 
derived  from  (M+29)+  by  a  loss  of  HN02.  The  peak  at  m/e  151  is 
likely  to  be  (M+H30)+. 

1,  3,  3-Trinitroazitidine  (TNAZ)  also  displays  simple  mass 
spectrum  (Figure  2)  with  (tf+l)+  as  the  base  peak.  The  (M+29)+  and 
(M+41)+,  although  low  in  abundance,  support  the  (M+l)+  assignment. 
Purity  of  TNAZ  was  quite  high  as  the  mass  chromatogram  of  (M+l)+ 
matches  very  well  with  the  RIC  of  TNAZ.  The  (M+l)+  fragments  to 
m/e  146  by  a  loss  of  HN02,  then  to  m/e  100  by  a  loss  of  N02.  The 
peak  at  m/e  211  Is  probably  (M+H3Q)+. 

1,  4-Dinitrocubane  (DNC)  undergoes  considerable  degradation 
forming  a  high  abundance  of  low  mass  fragments  with  a  base  peak  at 
m/e  90  (Figure  3) .  While  the  intensity  of  the  (frH-41)+  is  signific¬ 
ant  (~1Q7.) ,  the  usually  observed  ion,  i.e.,  (M+29)+  is  entirely 
missing  from  the  spectrum.  Instead,  (M+30)+  appeared  in  significant 
abundance  (~107.) .  This  apparent  anomaly  is  noteworthy  and  arises 
most  likely  from  the  ion-molecule  reaction  of  N0+  +  M  to  form 
(M+N0)+. 

A  PICIDEPHRMS  experiment  using  methane  was  performed  to  measure 
the  accurate  masses  of  (M+3Q)+  and  (M+41)+.  The  accuracy  of  the 
exact  mass  measurement  was  20  ppm.  The  results  are  shown  in  Table 
1.  The  results  established  m/e  224.0285  and  235.0714  to  be 
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c8h6n3°5  and  cilHllN2°4*  respectively.  This  experiment  confirmed 
the  assignments  of  (M+30)+  and  (M+41)+  as  (M+NO)+  and  (M+C^^s)^* 
respectively.  The  differences  between  the  determined  masses,  i.e., 
235.0285  and  235.0714,  and  corresponding  theoretical  values, 

224.0307  and  235.0719  are  -9.8  and  -2.1  ppm,  respectively,  a  good 
agreement.  The  mass  spectrum  obtained  during  this  experiment  is 
shown  in  Figure  4.  It  is  not  surprising  that  although  the  main 
features  are  identical,  the  ion  abundances  in  Figure  3  and  4  are 
significantly  different.  The  mass  chromatogram  of  DNC  resembles 
closely  to  its  RIC  indicating  that  the  sample  is  quite  pure. 

The  RIC  of  cubane  1,  4-bisammoniumtrinitromethide  (CBATNM)  is 
quite  complex  in  contrast  to  the  extremely  simple  mass  chromatogram 
of  (M+l)+.  Thus,  the  CBATNM  sample  appears  to  be  quite  impure.  As 
might  be  expected  in  the  case  of  a  salt  the  multi-mass  chromatograms 
revealed  very  weak  (M+l)  +  and  no  (M+29)+  and  (tl+41)+  (see  Figure  5). 
The  fragments  at  m/e  269  (BP)  and  134  can  be  ascribed  to 
[C8H6NH2NH3C  (NO^NOjVid  (CgHg  (NH2)  jf  respectively . 

The  relatively  close  similarity  of  the  RIC  and  the  chromatogram 
of  (M+l)+  of  1,  2  dinitronoradamantar.e  (DNNA)  indicates  the  relative¬ 
ly  high  purity  of  the  sample.  The  intensity  of  MH+  is  very  high 
(/v857o)  and  (M+29)+  and  (M+41)+  can  be  easily  observed  (Figure  6) , 

It  should  be  noted  that  a  high  abundance  of  (M+MH)  +  (>^507.)  is  also 
observed  in  this  case.  The  (M+MH)+  can  be  used  as  an  additional 
evidence  to  identify  the  MH+.  The  former  fragments  to  378  by  the 
loss  of  HN02  while  the  latter  fragments  to  m/e  166  by  the  loss  of 
HN02,  then  to  m/e  136  by  the  loss  of  NO.  During  this  experiment, 
the  effects  of  temperature  and  (M+l)  +  intensity  on  the  relative 
intensities  of  (F1+MH)  +  ,  (M+MH)+-HN02 ,  (M+41)+,  (M+l)+,  and  (M+l)  + 

-HNQ2  were  observed.  As  the  temperature  rises  with  the  correspond¬ 
ing  increase  in  the  relative  intensities  of  the  (M+l)+  and  (M+41)+, 
the  (tl+29)+,  (M+MH) + ,  (M4MH)+-HN02 ,  and  (fi+l)+-HN02  decreased.  In 
fact,  at  higher  temperatures,  the  (M4fffl)+  and  (U+MH+) -HN02  disap¬ 
pears  while  (M+41)+  increases  to  more  than  507.  of  the  (M+l)+  (BP)  . 

Comparison  of  the  RIC  and  the  mass  chromatogram  of  the  (M+l)+  of 
1-trinitromethyladamantane  (TNMA)  reveals  the  sample  to  be  relatively 
pure.  It  should  be  noted  that  instead  of  (M+l)+,  (M-l)+  is  formed 
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predominantly  and  the  (M+29)+  was  not  observed  while  (M+41)+  was 
observed  in  very  low  abundance . (Figure  7).  As  in  the  case  of  DNC , 
the  peak  at  m/e  315  probably  arises  from  (M+NO)+,  It  should  also 
be  noted  that  the  peak  at  m/e  135  (BP)  overshadows  the  other  fragment 
ions.  The  (M+l)+  fragments  to  m/e  239  by  the  loss  of  HN02,  to  m/e 
193  by  the  loss  of  NO2,  to  m/e  163  by  the  loss  of  NO,  then  to  m/e 
135  by  the  loss  of  CO. 

The  mass  spectrum  of  1-amino  3,5,7-trinitroadamantane  (ATNA)  is 
shown  in  Figure  8.  Although  the  abundance  of  MH+  is  significant 
(~20%) ,  the  (M+29)+  and  (M+41)+  were  not  observed.  316  probably 
results  from  M+NO+  reaction.  MH+  fragments  primarily  to  240  (B?) 
by  the  loss  of  HNO2. 

The  close  resemblance  of  the  RIC  and  the  mass  chromatogram  of  the 
(M+l)+  of  1,3,5,7-tetranitroadamantane  (TNA)  indicated  the  sample 
to  be  quite  pure.  The  profile  of  the  RIC  is  unusual  and  this  is 
attributed  to  the  uneven  sample  coating  thickness  of  the  probe  wire 
which  gives  rise  to  uneven  heating  of  the  sample.  The  mass  spectrum 
of  TNA  (Figure  9)  exhibits  270  as  the  base  peak  with  significant 
abundance  of  MH+,  (M+29)+,  and  (M+41)+.  The  MH+  fragments  to  m/e 
270  by  the  loss  of  HN02,  to  m/e  240  by  the  loss  of  NO,  to  m/e  194 
by  the  loss  of  NO2,  to  m/e  164  by  the  loss  of  NO  to  m/e  148,'  then 

to  m/e  132,  C^qh12.  by  the  loss  of  0. 

Figure  10  shows  the  mass  spectrum  of  a  sample  submitted  as  a 
8,8,11,11,-tetranitropentacycloundecane  (TNPCU) .  However,  the 
identifications  of  m/e  501,  291,  280,  279,  and  251  respectively  as 
(M+MH)+,  (M+41)+,  (M+N0)+,  (M+29)+,  and  MH+  establish  the  compound 
to  be  8-keto,  11,11,-dinitropentacycloundecane.  The  MH+  fragments 
to  m/e  204  by  the  loss  of  HNO2,  to  m/e  176  by  the  loss  of  CO,  then 

to  m/e  130  by  the  loss  of  NO2. 

The  mass  spectrum  of  4,4,8,8,11,11,-hexanitropentacycloundecane 
(HNPCU)  (Figure  11)  shows  rather  low  abundances  of  MH4,  (M+29)+, 
(M+30)+,  and  (M+41)+.  The  (M+30)+  is  very  likely  to  be  (M+N0)+. 

The  MH+  fragments  to  m/e  370  by  the  loss  of  HNO2,  then  to  m/e  294 
(BP)  by  the  losses  of  NO2  and  NO, 
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Figure  12  shows  the  mass  spectrum  of  RDX.  The  molecular  weight- 
related  ions,  i.e.,  the  peaks  at  m/e  223,  MH+,  m/e  252,  (M+NO)+, 
and  m/e  263  (M+C^^)*  are  relatively  low  in  abundance,  especially 
(M+C3H5)+.  Other  low  abundant  ions  include  m/e  176,  and 

m/e  115.  The  abundant  ions  are  m/e  75,  (CH2NNO2+  H)+,  m/e  149, 
|(CH2NN02)2+h|  +,  m/e  103,  and  m/e  105  in  the  decreasing  order  of 
abundance . 

In  the  case  of  HMX  (Figure  13),  only  m/e  75,  (CK2NN02+H)+  and  m/e 
105  are  the  relatively  abundant  ions.  The  other  ions  are  low  in 
abundance  which  include  m/e  149,  2+h]+,  m/e  103,  m/e  115, 

m/e  223,  ((CH2NN02) 3+H)+,  m/e  177  and  m/e  297,  MH+.  Except  m/e  149 

and  m/e  103,  the  abundance  of  these  ions  are  very  low.  The  molecular 
weight-related  ions  for  NG  are  m/e  228,  MH4",  m/e  257,  (M+N0)+,  and 
m/e  273,  (M+NO2) ,  all  in  significant  abundance  (Figure  14).  The 
most  abundant  ion  at  the  peak  m/e  165,  (MH-H0N02)+,  results  from  the 
loss  of  HONO2  from  MH+.  The  low  abundant  ions  include  m/e  212,  m/e 
183,  and  m/e  120. 

Using  the  present  technique,  the  structural  features  of  NC  can  be 
readily  obtained.  In  Figure  15  and  16,  the  mass  spectra  of  NC  sam¬ 
ples  with  12.0  and  14.07,  nitrogen  content  are  shown.  The  struct¬ 
ural  features  can  be  explained  in  large  part  by  assuming  the  peak  at 
m/e  281  and  m/e  131  to  be  (CH20N02(CH0N02) 2(CH) 2CHo]+,  the  totally 
nitrated  glucose  unit  minus  linking  oxygens,  and  (^(CH^CHOH  CHONO^, 
respectively  and  the  following  fragmentation  schemes.  The  m/'e  281 
fragments  to  m/e  251  by  the  loss  of  NO,  or  m/e  235  by  the  loss  of 
NO2,  to  m/e  206  by  the  loss  of  CHO,  to  m/e  189  by  the  loss  of  OH,  to 
m/e  159  by  the  loss  of  NO,  or  m/e  143  by  the  loss  of  NO2,  then  to 
m/e  97  by  the  loss  of  NO2.  Similarily,  m/e  131  fragments  to  m/e  101 
by  the  loss  of  NO,  or  to  m/e  85  by  the  loss  of  NO2,  then  to  m/e  69 
by  the  loss  of  an  oxygen  atom. 

4.  CONCLUSION 

The  DEPCIMS  under  our  experimental  conditions  were  found  to  be 
extremely  useful  in  obtaining  the  molecular  ion  information  and  the 
structural  features  of  the  new  nitrocage  compounds  studied.  Thus, 
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in  all  cases  except  one,  (M+l)4  ions  were  observed.  TNMA  was  the 
exception  which  formed  (M-l)+  ion.  In  almost  ail  cases,  the  assign¬ 
ment  of  (M+i)+  or  (M-l)  +  were  supported  by  the  observations  of  the 
(W-C2h5)+>  (M+NO)+,  and  (M+C-jHj)*.  In  a  few  cases,  additional  sup¬ 
port  was  provided  by  the  observation  of  (M+MH)+.  Furthermore,,  the 
fragmentation  patterns  revealed  sufficient  structural  features  of 
the  compounds  studied.  This  technique  was  also  found  to  be  useful 
in  the  identification  of  labile  explosives  and  propellants,  especia¬ 
lly  for  nitrocellulose. 
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Figure  3.  Mass  Spectrum  of  DNC 
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Figure  6.  Mass  Spectrum  of  DNNA,  Scan  #  4 


Figure  7.  Mass  Spectrua  of  TNMA,  Scan  #  35 


Figure  8.  Mass  Spectrum  of  ATNA,  Scan  #  21 


Figure  9.  Mass  Spectrum  of  TNA,  Scan  #70 


Figure  11.  Mass  Spectrum  of  HNPCU,  Scan  #  34 
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Figure  15.  Mass  Spectrum  of  NC  (12.0%  N) ,  Scan  #  117 


Figure  16.  Mass  Spectrum  of  NC  (14.07.  N)  ,  Scan  #  107 
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THE  HPLC  DETERMINATION  OF  SOME  PROPELLANT  ADDITIVES 

P.A.M^-  12fi  Bruvne*.  j.  Arijs,  D.A.G.  Vergauwe 
and  H.C.J.V.  De  Bisschop 

Royal  Military  Academy  -  Department  of  Applied  Chenistry 
B-1040  Brussels  -  Belgium 

ABSTRACT 

To  improve  the  properties  of  single  and  double  based 
propellants,  compounds  such  as  diphenylamines  and  phtalic  esters 
are  often  added. 

In  the  present  study  a  high  pressure  liquid  chromatographic 
method  has  been  developed.  The  method  allows  the  simultaneous 
separation  of  the  most  important  diphenylamine  compounds  and  the 
commonly  used  phtalic  acid  esters  in  the  presence  of 
nitroglycerin.  All  compounds  are  separated  and  analysed  using  a 
C-8  reversed  phase  packed  column  and  acetonitrile/water  as  mobile 
phase.  .Throughout  most  of  the  experiments  solvent  and 
concentration  gradients  are  used.  Compound  identification  is 
performed  by  a  combination  of  a  diode  array  detector  and  a  data 
station;  this  allows  automated  identification  of  the  compounds  by 
means  of  spectral  library  data  files. 

Two  solvent  concentration  gradient  programs  are  elaborated 
in  which  solvent  strengths  are  altered  in  such  a  way  that  a 
separation  and  detection  of  all  the  compounds  considered  can  be 
done  in  two  runs.  The  results  indicate  no  interferences  despite 
occasional  poor  peak  separation  and  the  data  system  can  provide  a 
quick  chromatogram  processing,  which  makes  the  interpretation  of 
complex  chromatograms  no  longer  a  time  consuming  activity. 
Furthermore,  quantitative  determination  of  all  peaks  is  possible 
by  using  a  single-point  external  calibration  procedure. 

The  results  of  this  study  can  be  used  to  improve  the 
analysis  of  minor  propellant  constituents  dealt  with  in 
experiments  on  the  behaviour  of  propellants  subject  to  aging 
processes . 


*Present  address:  Laboratory  for  Analytical  Chemistry  -  State 
University  of  Ghent,  Krijgslaan  281/S12,  B-9000  Ghent. 
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1.  INTRODUCTION. 

Aging  processes  of  nitrated  compounds  are  important  problems 
in  the  development  of  single  and  double  based  propellants. 
Nitroglycerin  and  nitrocellulose  decompose  under  normal  storing 
conditions,  forming  nitrogen  oxides  which  catalyse  further 
decomposition  reactions1.  These  autocatalysed  processes  accelerate 
the  aging  of  the  explosive  compounds  in  such  a  way  that  the 
propellant  becomes  unreliable  within  a  relatively  short  time.  In 
extreme  cases  this  may  lead  to  self  ignition. 

Diphenylamine  is  often  added  to  the  propellant  in  order  to 
inhibit  autocatalytic  decomposition  by  reacting  with  the 
decomposition  products  to  form  stable  compounds  and  thus 
preventing  further  catalytic  action  of  the  decomposition 
products.  The  inhibition  process  results  in  a  series  of  nitrated 
diphenylamines  that  all  remain  present  in  the  propellant. 

The  composition  and  the  amount  of  the  stabilising  agent 
together  with  its  reaction  products  provide  important  information 
about  the  nature  and  the  rate  of  decomposition  of  the  propellant, 
and  may  give  a  better  insight  in  propellant  aging. 

From  these  considerations  it  is  clear  that  a  reliable 
chemical  analysis  method  is  of  major  importance  to  propellant 
development.  Because  of  the  complexity  of  the  solutions  resulting 
from  propellant  extraction  a  chromatographic  separation  method  is 
the  most  efficient  technique,  mainly  due  to  its  ability  to 
perform  a  simultaneous  identification  and  quantitative 

determination  of  a  wide  variety  of  chemical  substances  in  a 
relatively  short  time  under  simple  analysis  conditions. 
Consequently,  gas  chromatography  may  be  the  most  efficient  and 
accurate  separation  chromatographic  separation  method.  However, 
in  the  present  study  high  pressure  liquid  chromatography,  further 
referred  to  as  HPLC,  was  preferred  because  of  the  thermal 
instability  of  diphenylamine  and  analogous  compounds  at  the  rather 
high  operation  temperatures  of  a  gas  chromatograph.  Moreover  we 
chose  reversed  phase  HPLC  mainly  for  its  high  selectivity  over  a 
wide  variety  of  substances  and  for  its  short  equilibration  time 
needed  to  apply  eluant  gradients. 
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Reversed  phase  HPLC  commonly  uses  packed  bed  separation 
columns  filled  with  silica,  chemically  bound  to  chloro-  or 
alkoxysilanas  that  often  possess  relatively  large  hydrocarbon 
chains,  which  represent  the  active  chromatographic  separation 
sites.  An  eighteen  carbon  chain  provides  the  highest  selectivity 
and  the  best  separation  capacity  of  the  mixtures.  However,  traces 
of  fats  or  other  greasy  matters,  often  encountered  in  propellant 
extracts,  may  block  the  column's  exchange  sites  ir  such  a  way  that 
the  separation  capacity  is  reduced  dramatically  after  a  few  runs. 
Therefore  we  developped  a  separation  technique  based  on  a  C-8 
column.  This  column  typa  has  a  lesser  separation  capacity  than  a 
018  column,  but  on  the  other  hand  interactions  with  non  polar 
carbohydrates  in  the  sample  can  be  neglected. 

An  additional  problem  in  propellant  analysis  is  caused  by  the 
presence  of  alkyl  phtalate  esters  which  are  extracted  together 
with  the  diphenylamine  compounds.  These  products  are  added  to 
improve  the  thermoplastic  behaviour  of  single  and  double  based 
propellants.  In  spite  of  the  large  chemical  difference  between  the 
phtalic  acid  esters  and  the  diphenylamine  compounds,  both  are 
found  to  elute  in  the  same  region  .  Such  interferences  complicate 
the  interpretation  of  the  analytical  results. 

Finally,  in  a  few  propellant  types  alkylated  urea  derivatives 
are  added  also  to  improve  the  propellant's  properties.  The 
presence  of  these  compounds,  co-eluting  with  some  of  the  other 
components  of  the  extraction  mixtures,  makes  the  resulting 
chromatograms  even  more  complex  to  interprets. 

From  this  it  is  clear  that  special  analytical  conditions  are 
necessary  in  order  to  obtain  fast  and  reliable  detection  and 
quantitative  interpretation  of  the  obtained  chromatograms.  For 
this  reason  in  the  present  study,  eluant  gradients  were  applied  to 
the  system  to  improve  peak  separation.  Furthermore,  a  diode  array 
detector  (DAD)  has  been  integrated  in  our  system  because  of  its 
ability  to  provide  additional  information  about  the  nature  of  the 
eluting  compounds,  and  because  it  solves  certain  problems  of 
co-elution  still  encountered  even  after  optimizing  solvent 
gradient  separation. 


Wavelength  Inm] 


Time  [min] 


L 

Figure  la:  Three-dimensional  chromatogram  recorded  in  a  wavelength 
range  between  200  and  400  nm. 

2.  EXPERIMENTAL. 

The  HPLC-system  consists  of  two  Waters  type  510  liguid 
chromatography  pumps  coupled  by  means  of  an  eluant  gradient  mixing 
chamber.  Both  pumps  are  controlled  by  an  automated  gradient 
controller.  The  gradient  mixing  chamber  is  connected  to  a 
Chromspher  08  column  (Chrompack) .  The  detector  is  a  Hewlett 
Packard  1040A  Diode  Array  Detector  (DAD) .  Detector  signals  are 
processed  by  a  Hewlett  Packard  9000/300  data  system  using  the 
Chemstation  Software  features.  The  DAD  allows  to  record  UV/VIS 
spectra  in  the  range  between  190  and  600  nm.  This  results  in 
a  three-dimensional  chromatogram  that  not  only  provides  retention 
times  but  also  gives  typical  uv/vis  spectra  of  eluting  compounds. 
In  the  present  paper,  all  spectra  were  recorded  in  the  wavelength 
range  between  200  and  430  nm.  In  figure  la  a  typical 


Figure  lbs  UV/VIS  spectra  of  DPA,  NDPA,  HNDPA,  ACA,  DAP,  and  DOP. 
(see  Table  1  for  abbreviations) 


Table  Is  Compounds  present  in  the  test  mixtures  in  addition  to 
nitroglycerin . 


DIPHENYLAMIHES 

Diphenylamine  (DPA) 

2-nitrodiphenylamine  (NDPA) 
2,4-dinitrodiphenylamine  (DNDPA) 

2, 2', 4, 4' ,6, 6' -hexanitrodiphenylamine  (HNDPA) 
N-nitrosodiphenylamine  (NNDPA) 

ALKYLPHTALATES 

Dimethylphtalate  (DMP) 

Diethylphtalate  (DEP) 

Diallylphtalate  (DAP) 

Dibutylphtalate  (DBP) 

Dioctylphtalate  (DOP) 

UREAS 

N-diphenyl,N'~methylurea  (ACA,  acardite) 

N,N' -diethyl urea  (CEN,  centralite) 
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three-dimensional  chromatogram  is  shown.  Figure  lb  shows  some 
typical  UV/VIS  spectra  of  the  compounds  investigated  in  this 
paper. 

Furthermore  the  DAD  allows  to  identify  the  maxima  of  eluted 
peaks  for  up  to  eight  different  wavelenghts  simultaneously.  In 
this  study  peak  height  determination  of  all  peaks  was  done  at  210, 
240,  275,  300  and  360nm.  The  recording  band  width  was  10  nm  and 
ull  signals  were  compared  with  the  signal  at  a  reference 
wavelength  of  550  nm. 

All  eluants  were  prepared  using  Romil  Far  UV  acetonitrile 
(for  HPLC)and  water,  freshly  generated  from  an  Elgastat  water 
system  producing  a  water  quality  that  corresponds  to  the  standard 
requirements  for  HPLC  water.  Samples  and  standards  were  prepared 
from  chemicals  of  analytical  purity,  in  concentrated  acetonitrile. 
Because  of  the  lack  of  real  propellant  samples  with  known 
concentrations  of  all  compounds  present,  test  mixtures  consisting 
of  nitroglycerin  (.01  M]  and  of  each  compound  (.0001  M]  listed  in 
table  1  were  prepared.  These  compounds  are  frequently  encountered 
while  analyzing  propellants.  By  preparing  thirteen  component  test 
mixtures  we  tried  to  anticipate  every  possible  combination  of 
compounds  one  could  cope  with  in  real  propellant  samples.  All 
concentrations  in  the  test  mixtures  were  chosen  in  the  same  order 
of  magnitude  of  the  compound  concentrations  present  in  average 
propellant  extracts. 

3.  RESULTS  AND  DISCUSSION. 

A.  Separation  conditions. 

In  HPLC  ,  retention  times  of  the  eluted  compounds  depend  on 
the  strength  of  the  eluant.  In  this  study,  where  acetonitrile 
(ACN)/water  mixtures  are  used  as  an  eluant,  retention  times  will 
increase  with  decreasing  ACN  content  of  the  eluant.  As  seen  from 
figure  2,  in  a  test  mixture  eluted  with  100%  ACN,  all  compounds 
elute  rapidly  but  on  the  other  hand,  almost  no  peak  separation  is 
observed.  In  figure  3,  a  chromatogram  resulting  from  a  50/40 
ACN/water  isocratic  elution  is  shown.  Under  these  conditions  some 
of  the  compounds  present  in  the  mixture  are  well  resolved,  but 
compounds,  DAP  and  NNDAP,  and,  CEN,  DPA  and  DNDPA,  co-elute. 


} 

l 


mRU 


Figure  2:  chromatogram  resulting  from  100%  acetonitrile  isocratic 
elution.  1,  HNDPA;  12,  DBP;  13,  DOP;  2-11,  ACA,  DHP, 
NGL,  DAP,  NNDPA,  CEN,  DPA,  DNDPA,  NDPA. 


Figure  3:  Chromatogram  resulting  from  acetonitrile/water  (60/40) 
isocratic  elution.  1,  HNDPA;  2,  ACA;  3,  DMP;  4,  NGL;  5, 
DEP;  6,  DAP;  7,  NNDAP;  8,  CEN;  9,  DPA;  10,  DNDPA;  11, 
NDPA;  12,  DBP. 
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Furthermore,  even  after  a  one  hour  isocratic  run,  no  evidence  was 
found  for  the  elution  of  DOP,  probably  due  to  low  eluant  strength. 
Moreover  a  60/40  mixture  is  an  eluant  composition  giving  sharp  and 
well  resolved  peaks  that  elute  within  acceptable  run  time.  Thus  it 
is  clear  that  isocratic  elution  conditions  are  not  suitable  for 
efficient  separation  of  the  investigated  compounds  and  that  an 
acceptable  chromatogram  could  only  be  obtained  by  applying  eluant 
gradients.  After  a  number  of  preliminary  tests,  we  elaborated  two 
eluant  gradients  that,  together,  are  able  to  separate  the  test- 
mixture  allowing  fast  identification  and  accurate  determination. 
The  gradient  elution  conditions  are  summarized  in  table  2. 


Table  2:  Gradient  conditions 


Gradient 

1 

Gradient 

2 

time 

%  ACN 

time  % 

ACN 

Initial  condition 

0.00 

30 

0.00 

40 

Sample  injection 

5.00 

20 

5.00 

20 

Isocratic  elution 

none 

5.01 

20 

Linear  gradient  start 

5.01 

20 

10.00 

30 

Linear  gradient  end 

35.00 

100 

20.00 

100 

Return  to  init.  condit. 

35.02 

30 

20.02 

40 

In  figure  4  a  chromatogram  recorded  under  gradient  l  conditions  is 
shown;  it  is  seen  that  the  gradient  program  is  able  to  perform  an 
acceptable  separation  for  nearly  all  the  compounds  in  the  test 
mixture.  However,  in  HNDPA  shows  a  peak  splitting  phenomenon. 
Furthermore  ACA  and  DMP  peaks  are  very  broad  and  thus  difficult  to 
process.  Therefore  gradient  2  was  elaborated:  this  gradient  is 
unable  to  perform  an  acceptable  separation  for  the  majority  of 
peaks  but  it  provides  good  separation  conditions  for  HNDPA,  ACA 
and  DMP.  Consequently,  an  unknown  mixture  has  to  be  eluted  first 
with  the  gradient  1  program,  and  if  the  presence  of  HNDPA,  ACA  or 
DMP  is  indicated,  a  second  run  with  gradient  2  is  done.  In  figure 
5  a  typical  chromatogram  resulting  from  a  gradient  2  elution  is 
shown. 

As  indicated  by  figure  4,  two  couples  are  not  separated  by 
gradient  program  1.  These  are  DAP/NNDPA  and  DPA/DNDPA.  As  neither 


Figure  4:  Chromatogram  resulting  from  a  gradient  1  run.l,  solvent 
response;  2  and  3,  HNDPA;  4,  ACA;  5,  CMP;  6,  DEP;  7, 
N6L;  8,  DAP  and  HNDPA;  9,  DPA  and  DNDPA ;  10,  CEN;  11, 
NDPA;  12,  DBP;  13,  DOP. 
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gradient  program  2,  nor  any  other  gradient  elution  condition  is 
able  to  separate  these  compound  couples,  we  used  the  DAD's 
detection  capacities  to  identify  and  determine  these  compounds. 
This  technique  will  be  explained  in  the  next  section. 

B.  Compound  identification 

For  the  compound  identification,  UV/VIS  spectra  of  the  pure 
test  mixture  components  were  recorded  by  the  DAD  and  stored  in  a 
spectral  library  .  Automated  identification  of  all  eluted 
compounds  is  performed  by  the  HP  Chemstation:  each  recorded 
spectrum  is  compared  with  the  spectra  in  the  library;  a  positive 
identification  is  indicated  when  the  spectrum  in  the  library  and 
the  recorded  peak  spectrum  match  for  more  than  70%  .  Obviously,  if 
more  than  one  spectrum  fulfills  this  condition,  the  one  with  the 
highest  match  percentage  is  chosen.  In  table  4,  the  data  resulting 
from  the  identification  run  on  the  chromatogram  from  figure  4  are 
shown.  The  table  indicates  that  although  some  compounds  were 
successfully  identified,  DAP,  DPA  and  DNDPA  are  not  correctly 
identified  by  the  program.  Moreover,  because  of  minor  differences 
between  the  spectra  of  the  phtalic  acid  esters  (Figure  lb) ,  the 
program  is  unable  to  distinguish  between  the  various 
representatives  of  this  class  of  compounds. 


Table  4;  Results  of  an  identification  run  with  spectral 
comparison  performed  on  a  test  mixture  chromatogram 
obtained  with  gradient  1. 


Peak  nr. 

Retention  time  (min) 

Match  (%) 

Compound 

e 

20.74 

99.9 

DAP 

7 

21.14 

91.7 

NGL 

8 

23.69 

97.6 

NNDPA 

9 

24.61 

22.6 

? 

10 

24.90 

99.0 

CEN 

11 

25.49 

100.0 

NDPA 

12 

29.08 

100.0 

DAP 

13 

37.78 

98.9 

DMP 

In  a  next  step  we  introduced  peak  retention  times  as  an 
additional  identification  feature  in  the  program.  Under  these 
conditions,  the  program  not  only  compares  spectra,  but  it  also 
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checks  compound  retention  times:  less  than  10  %  deviation  from  the 
stored  retention  time  results  in  a  positive  identification.  Table 
5  summarizes  the  identification  results  of  the  chromatogram  in 
figure  4  performed  with  both  spectral  and  retention  time  checking. 
These  results  show  that  most  of  the  peaks  are  correctly 
identified,  but  still,  the  co-eluting  couple  DAP/NNDPA  is  not 
distinguished  and  the  couple  DPA/DNDPA  is  not  recognized  at  all. 


Table  5:  Results  of  an  identification  run  with  spectral  and 
retention  time  comparison  performed  on  a  test  mixture 
chromatogram  obtained  with  gradient  1. 


Peak  nr. 

Retention  time  (min) 

Match  (%) 

Compound 

6 

20.74 

99.9 

DEP 

7 

21.14 

91.7 

NGL 

8 

23.69 

97.6 

NNDPA 

9 

24.61 

22.6 

? 

10 

24.90 

99.0 

CEN 

11 

25.49 

100.0 

NDPA 

12 

29.08 

100.0 

DBP 

13 

37.77 

98.9 

DOP 

In  a  final  step,  a  peak  purity  checking  procedure  is 
introduced  in  the  identification  program.  An  impurity  checking 
routine  searches  for  differences  in  the  recorded  UV/VIS  spectra  at 
various  locations  in  the  area  under  the  peak.  If  such  differences 
are  found,  the  program  locates  the  position  of  the  highest  match 
between  the  library  spectra  and  the  recorded  spectra.  If  both 
retention  time  and  spectrum  match  at  this  point,  a  positive 
identification  of  the  compound  is  registered.  As  seen  from  table 
6,  this  procedure  allows  to  identify  all  compounds  to  be  analysed 
with  gradient  1.  In  the  same  way  an  identification  procedure  with 
peak  purity  checking  and  spectral  and  retention  time  checking,  a 
chromatogram  resulting  from  an  elution  with  gradient  2  can  be 
performed.  The  results  of  a  typical  identification  run  on  such  a 
chromatogram  is  summarized  in  table  7. 


Table  6:  Results  cf  identification  run  with  peak  purity  checking 
and  spectral  and  retention  time  comparison  performed  on  a 
test  mixture  chromatogram  obtained  with  gradient  1. 


Peak  nr. 

Retention  time  (min) 

Match  (%) 

Compound 

6 

20.74 

99.9 

DEP 

7 

21.14 

91.7 

NGL 

8 

23.59 

95.7 

DAP 

23.79 

99.8 

NNDPA 

9 

24.52 

72.5 

DPA 

24.66 

88.0 

DNDPA 

10 

24.90 

99.0 

CEN 

11 

25.49 

100.0 

NDPA 

12 

29.08 

99.9 

DBP 

13 

37.77 

99.9 

DOP 

Table  7: 

Results  of  identification  run  with  peak  purity  checking 
and  spectral  and  retention  time  comparison  performed  on 
a  test  mixture  chromatogram  obtained  with  gradient  2. 

Peak  nr. 

Retention  time  (min) 

Match  (%) 

Compound 

1 

1.54 

99.9 

HNDPA 

2 

5-40 

99.6 

ACA 

3 

5.75 

99.5 

DMP 

c,  Quantitative  determination 

Since  the  main  goal  of  this  investigation  is  the  development 
of  a  rapid  quantitative  determination  of  propellant  additives,  a 
single  point  external  calibration  method  was  preferred  to  assay 
the  compounds  in  the  test  mixtures.  However,  preliminary 

experiments  showed  that  such  a  procedure  is  successfully  only  if 
unknown  and  standard  concentrations  do  not  differ  by  more  than 
25%.  Thus,  an  appropriate  standard  has  to  be  calculated  from  a 
first  run  of  the  sample  and  by  using  the  appropriate  response 

factors  for  each  compound  at  the  selected  wavelengths.  To  avoid 
possible  interferences  of  extraction  liquids  (e.g,  CH^Cl^),  all 
peak  heigths  were  determined  in  the  wavelength  range  between  240 
and  400  run,  since  most  of  the  commonly  used  solvents  absorb 

between  190  and  235  nm. 

It  is  clear  that  such  a  method  does  not  allow  the 

determination  of  co-eluting  compounds.  Therefore,  in  a  first  step, 
test  mixtures  were  prepared  which  did  not  contain  either  DAP  nnd 
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DNDPA  or  NNDPA  and  DPA.  The  repeatability  of  the  assay  of  each 
compound  was  determined  from  five  determinations  of  all  compounds 
against  independently  prepared  standard  mixtures,  according  to  the 
principles  outlined  in  the  preceding  paragraph.  The  results  are 
shown  in  table  8.  It  can  be  seen  that  the  concentrations  found  do 
not  differ  significantly  fron  the  real  concentrations  at  the  95% 
confidence  level  (Student  t-test) . 


Table  8:  Assay  of  propellant  additives  without  co-eluting 
compounds 


Compound 

Wavelength 

Concentration 

Relative  Standard 

Deviation 

(nm) 

(mmol/1) 

(  %  ) 

KNDPA 

240 

0.096 

2.3 

NNDPA 

24C 

0.100 

2.0 

DPA 

275 

0.097 

2.0 

DNDPA 

275 

0.099 

1.8 

NDPA 

275 

0.100 

1.6 

DHP 

240 

0.099 

2.1 

DEP 

240 

0.100 

0.8 

DAP 

240 

0.098 

2.6 

DBP 

240 

0.099 

2.0 

DOP 

240 

0.097 

2.6 

ACA 

240 

0.098 

1.0 

CEN 

240 

9.098 

1.5 

When  co-eluting  couples  DAP/NNDPA  and  DPA/DNDPA  are  present 
the  following  approach  is  possible:  As  seen  from  figure  6,  NNDPA 
and  DNDPA  absorb  considerably  at  300  and  360  nro,  respectively:  at 
these  wavelengths  CAP  and  DPA  do  not  absorb;  this  indicates  that, 
even  in  the  presence  of  DAP  and  DPA,  concentrations  of  NNDPA  and 
DNDPA  may  be  calculated  a>;  300  and  360  run.  Table  3  gives  the 
calculated  concentrations  and  accuracy  estimates  of  NNDPA  and 
DNDPA,  determined  at  these  wavelengths  and  of  equal  amounts  of  DAP 
and  DPA.  The  concentrations  ot  DAP  ar.d  DPA  were  calculated  by 
subtracting  those  fractions  of  the  peak  areas  due  to  NNDPA  or 
DNDPA  from  the  total  peak  area  of  the  co-eluting  compounds  at  240 
or  275  nm.  Those  peak  area  contributions  of  NNDPA  and  DNDPA  are 
obtained  by  transforming  the  detector  signals  at  200  and  369  nm  to 
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Figure  6:  UV/Vis  spectra  of  NNDPA  and  DNDPA 


Table  9:  Assay  of  NNDPA  and  DNDPA  when  co-eluting  compounds  are 
present.  The  concentration  of  the  compounds  present  is 
0.095  mmol/1  each. 


Compound 

Wavelength 

(nm) 

Concentration 

(mmol/1) 

Relative  Standard 
Deviation 
(  %  ) 

NNDPA 

300 

0.0943 

3.2 

DNDPA 

360 

0.0944 

2.5 

DAP 

240 

0.0899 

5.0 

DPA 

275 

0.0919 

1.5 

240  and  275  nm,  respectively,  using  predetermined  response  factors 
at  the  various  wavelengths.  It  is  clear  that  the  accuracy  of  the 
resulting  values  for  DAP  and  DPA  will  depend  on  the  relative 
concentrations  of  the  co-eluting  compounds.  The  determination  of 
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the  depedense  of  the  accuracy  on  the  relative  concentrations  of 
the  co-eluting  compounds  is  under  investigation. 


4 .  CONCLUSIONS 

The  results  indicate  the  possibility  of  analysing  complex 
mixtures  resulting  from  propellant  extracts  using  HPLC  with  a  C8 
reverse  phase  column  and  two  gradient  elution  programs;  the  DAD 
detection  and  identification  system  allow  the  detection  of 
various  diphenylamines,  phtalates  and  substituted  ureas. 

A  single  point  external  calibration  standard  allows  the 
assay  of  the  compounds  within  acceptable  errors.  Optimization  of 
the  calibration  procedure  and  performance  checking  of  the  method 
developed  on  real  propellant  samples  is  actually  under 
investigation. 
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DETECTION  AMP  IDENTIFICATION  Of  IMPURITIES 


XN  RDX  AND  HEX  BY  HER  SPECTRQ8COPY 


n .  Kaiser 


Bundesinstitut  f iir  chemisch  technische  Untersuchungen  belli 
Bundesaat  fiir  Wehrtechnik  und  Beschaffung,  5357  Swisttal  1, 
Grofies  Cent,  Germany 


Summary 

The  ‘H-NMR  spectra  of  by-products  in  l,3,5-trinitro-l,3,5- 
hexahydrotriazine  (RDX)  and  l,3,5,7-tetranitro-l,3,5,7- 
octahydrotetrazine  (HEX)  were  measured  in  deuterated  dimethyl- 
sulfoxide.  Quantitative  analysis  of  an  NMR  spectrum  is  shown 
in  an  example  and  compared  with  HPLC  results.  Characteristic 
by-products  can  be  detected  in  RDX  and  HEX  products  of  differ¬ 
ent  manufacturers.  The  manufacturing  process  (Bachmann  pro¬ 
cess,  nitric  acid  process)  is  detected  in  the  case  of  RDX  from 
the  occurance  of  characteristic  by-products.  The  specific  by¬ 
product  of  the  Bachmann  process  for  RDX  is  the  compound  1-ace- 
tylhexahydro-3,5-dinitro-l,3,5~triazine  (TAX)  and  for  the  HEX 
l-acetyloctahydro-3,5,7-trinitro-l,3,5,7-tetrazine  (SEX).  The 
starting  materials  acetic  acid,  paraformaldehyde,  and  products 
which  were  formed  from  formaldehyde  are  more  or  less  elimi¬ 
nated  by  the  different  manufacturers,  who  work  according  to 
the  Bachmann  process.  Other  impurities  of  RDX  and  HEX  are 
aliphatic  compounds,  which  could  not  be  identified.  The 
evaluation  of  all  the  impurities  leads  to  an  identification  of 
the  manufacturing  process  or  of  the  manufactv<rer  and  also  to  a 
fingerprint  of  the  manufacturing  lot. 


1.  Introduction 


Materials  acquired  for  the  German  armed  forces  are  subjected 
to  the  identification  of  their  origin  and  nature  of  production 
processes.  This  demand  is  especially  valid  in  the  case  of 
explosives  because  the  manufacturing  process  may  affect  the 
properties  which  in  turn  influence  the  high  degree  of  require¬ 
ments  for  handling  and  function.  The  identification  of  explo¬ 
sives  is  also  important  in  connection  with  acts  of  terrorism. 
As  all  other  products  of  the  chemical  industry,  explosives  are 
not  chemically  pure  compounds. 
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They  contain  characteristic  by-products  which  are  present  in 
most  cases  only  in  very  small  quantities.  The  formation  of  the 
by-products  depends  on  the  manufacturing  process.  An  identi¬ 
fication  and  a  quantitative  determination  of  the  charac¬ 
teristic  impurities  requires  a  high  standard  of  chemical 
analysis. 

The  identification  of  different  TNT  species  is  essentially 
carried  out  by  GC/MS.  Zn  the  case  of  HKX  and  RDX  it  is  not 
possible  to  use  this  method  because  of  the  thermal  instability 
of  these  products.  Instead  of  the  GC  method,  proton  NMR  spec¬ 
troscopy,  which  is  of  higher  selectivity  and  higher  detect¬ 
ability,  is  used  to  solve  the  problem.  On  the  other  hand,  the 
sensitivity  of  NMR  spectroscopy  is  not  high.  Therefore,  a 
modern  Fourier  transform  NMR  spectrometer  must  be  used  to  get 
a  better  signal  to  noise  ratio  by  accumulation  of  a  high 
number  of  spectra. 


2.  Experimental  Conditions 

In  order  to  get  a  good  NMR  spectrum  the  substance  must  be 
dissolved  in  a  deuterated  solvent.  The  two  deuterated  solvents 
acetone  and  dimethylsulfoxlde  (DMSO),  in  which  HMX  and  RDX  are 
fairly  soluble,  are  useful.  For  these  measurements  deuterated 
dimethylsulfoxide  was  used  because  of  the  higher  solubility  of 
RDX  and  HMX.  Another  reason  was  that  there  are  no  signals  in 
the  region  from  &  -  0.0  -  2.30.  If  deuterated  acetone  would  be 
used  there  would  be  an  overlap  of  signals  of  the  by-products 
with  the  acetone  signal.  Another  reason  for  using  dimethyl- 
sulfoxide  is  the  overlap  of  the  signals  of  RDX  and  HNX  when 
using  deuterated  acetone  as  solvent. 

The  identification  of  by-products  in  the  spectrum  depends  on 
the  amplification  and  the  signal  to  noise  ratio.  In  NHR 
spectroscopy  the  signal  to  noise  ratio  is  a  function  of  the 
amount  of  substance  and  the  number  of  accumulated  spectra,  as 
the  signal  to  noise  ratio  improves  with  the  square  root  of  the 
accumulated  spectra.  For  the  experimental  detection  of  the 
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by-products  about  300  mg  of  RDX  or  HMX  were  dissolved  in  0.8 
to  0.9  al  of  deuterated  diaethylsulf oxide  and  about  1000 
spectra  were  accuaulated.  The  typical  accumulation  tiae  with 
these  parameters  was  about  two  hours  per  spectrum.  For  better 
coaparability  all  6pectra  in  the  Figures  14  to  22  were  plotted 
with  the  same  height.  The  aain  RDX  or  HHX  signal  was  set  to  a 
height  of  1500  ca.  The  symmetrical  spinning  sidebands,  which 
occur  at  this  amplification,  are  aarked  with  a  dot.  There  is 
no  inforaation  which  could  be  extracted  from  these  sidebands. 
The  calibration  was  done  by  setting  the  signal  of  the 
dimethylsulfoxide  to  a  value  of  4  «  2,49.  The  solvent  contains 
an  impurity  of  water  which  occurs  as  a  singlet  at  5  -  3.30. 

The  compounds  l-acetyloctahydro-3, 5 , 7-tr initro-1 , 3 , 5 , 7-tetra- 
sins  {SEX)11  and  l-acetylhexahydro-3,5-dinitro-l,3,5-triazine 
(TAX)2 1,1  were  synthesized  according  to  the  literature,  in  the 
literature  a  variety  of  intermediate  products  of  the  RDX  and 
HHX  synthesis  are  proposed  which  were  synthesized  to  a  large 
extent.  Elaborate  and  time  consuming  work  for  the  synthesis  of 
all  proposed  compounds  was  avoided  and  the  by-products  were 
hence  isolated  by  preparative  medium  pressure  chromatography. 

The  isolated  unknown  products  were  identified  by  1 H-NMR 
spectroscopy  as  l,7-diac«toxy-2,4,6-trinitro-2, 4,6-triaza- 
heptans4 ! s >  and  l,9-dlacetoxy-2,4,S, 8-tetranitro~2, 4,6,8- 
tetrazanonane4 >  .  The  other  examined  by-products  can  be 
acquired  commercially. 


3.  By-products  in  RDX  and  HMX 

The  possible  by-products  in  RDX  and  HMX  are: 

1.  starting  materials  for  the  process 

2.  products  which  were  produced  during  the  synthesis 

3.  solvents  derived  from  recrystallisation 


In  the  case  of  RDX  there  are  two  different  production  methods 
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(Bachaann  process,  nitric  acid  process)  which  differ  in  their 
starting  materials.  The  starting  materials  of  the  Bachmann 
process* > ,  which  can  be  present  in  the  explosive,  are  acetic 
acid,  acetic  acid  anhydride,  ammonium  nitrate,  and  paraform¬ 
aldehyde.  The  occurance  of  acetic  acid  anhydride  and  ammonium 
nitrate  is  not  possible  due  to  the  production  process.  Acetic 
acid  and  paraformaldehyde  can  be  present  if  the  product  is 
insufficiently  washed.  The  1 H-NMR  spectra  of  these  chemicals 
a>re  shown  in  Figures  1  to  4.  In  the  case  of  the  nitric  acid 
process  these  impurities  cannot  be  present  in  the  product 
s*s»s»  only  hexamine  and  nitric  acid  are  the  starting 
compounds . 

By-products  which  can  be  formed  during  synthesis  are  known  in 
the  literature.  These  are  cyclic  nitramines  with  an  N-acetyl- 
group.  The  spectra  of  l-acetyloctahydro-3,5,7-trinitro- 
1,3,5,7-tetrazine  (SEX)1’  and  l-acetylhexahydro-3 , 5-dinitro- 
1,3,5-triazine  (TAX)J,,>  are  shown  in  Figures  5  and  6.  Other 
types  of  by-products  are  open  chain  nitramines  such  as  1,7-di- 
acetoxy-2,4,6-trinitro-2,4,6-triazaheptane* > * >  (Figure  7)  and 
1 , 9-diacetoxy-2 ,4,6, 8-tetrani tro-2 ,4,6, 8-tetrazanonane4  > 

( Figure  8 ) . 

The  solvents  from  recrystallisation  are  acetone* >  (Figure  9), 
cyclohexanone  (Figure  10),  r-butyrolactone* > 10 >  (Figure  11) 
and  dimethylsulfoxide11’.  Traces  of  dimethylsulfoxide  cannot 
be  detected  under  the  conditions  used  in  this  work  because  the 
signal  of  the  dimethylsulfoxide  overlaps  that  of  the  deute- 
rated  dimethylsulfoxide.  Fortunately,  no  European  manufacturer 
is  known  who  usee  dimethylsulfoxide  as  solvent  for  recrys¬ 
tallisation. 


4.  Quantitative  NMR  Determination 

A  quantitative  analysis  of  the  NMR  spectra  is  possible  under 
some  conditions1 1 ’ .  There  must  be  long  waiting  periods  between 
the  experiments,  which  are  longer  than  5  times  the  ^-relax¬ 
ation  time.  Nevertheless,  a  high  digital  resolution  is  re- 
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quired  and  the  signals  should  be  veil  separated.  A  good  signal 
to  noise  ratio  is  required  for  exact  measurements  of  the  inte¬ 
grals.  Under  these  circumstances,  and  assuaing  equal  line 
broadening,  not  only  the  integrals  but  also  the  intensities 
can  be  deterained  according  to  the  following  equations: 


weight! 

RDX  -  Ixdx. 

•  M„  Br 

.  F 

.100 

D  X 

•  Mrdx 

.  F  + 

MX 

•  mkhx 

weight! 

HMX  -  j,,,.,- 

•  Mm  h  x 

.100 

*R  DX 

•  Hrdx 

.  F  + 

*»KX 

•  hhmx 

F  *  ^»iu 

I, BX  ■  integral  or  intensity  of  the  RDX  signal 

1HHX  -  integral  or  intensity  of  the  HMX  signal 

nKOX  •  aolecular  weight  of  RDX 

MxHX  -  aolecular  weight  of  HMX 

r  -  factor 

nhhx  -  nuaber  of  protons  of  HMX 

nKox  •  nuaber  of  protons  of  RDX 

A  quantitative  analysis  of  RDX  and  HMX  is  shown  in  Figure  13. 
For  a  better  resolution  a  Gaufi/Lorenz  transforaation  was  done 
prior  to  the  Fourier  transforaation  and  the  deteraination  was 
carried  out  without  taking  other  by-products  into  account.  The 
intensity  and  integral  of  the  signals  were  deterained  and  cor¬ 
related  to  the  HPLC  analysis  (Figure  13).  The  evaluation  of 
the  intensity  shows  a  better  result  than  the  integral  anal¬ 
ysis.  The  difference  of  1.81  is  in  good  agreement  with  the 
HPLC  result.  The  analysis  of  the  integrals  displays  a  lower 
precision  because  results  depend  on  the  setting  of  the  inte¬ 
gration  margins.  A  quantitative  deteraination  of  the  by-prod¬ 
ucts  was  not  done  because  a  HPLC  method  has  yet  to  be  devel¬ 
oped.  An  estiaation  of  the  amount  of  by-products  is  in  the 
order  of  aax.  0.2  %  for  each  compound. 
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5.  Comparison  of  Different  RDX  and  HMX  Manufacturers 

In  Figures  12  to  22  the  1 H-NMR  spectra  of  different  RDX  and 
HMX  samples  are  shown.  The  1 H-NMR  spectrum  of  an  RDX  sample 
with  normal  intensities  is  shown.  Only  the  signals  of  RDX  and 
HMX  are  visible  in  the  spectrum.  The  water  signal  results  from 
the  deuterated  dimethylsulfoxide  since  water  is  an  impurity  in 
the  solvent.  Signals  of  the  by-products  could  be  observed 
only  by  a  larger  amplification  of  the  spectrum.  This  was  done 
by  setting  the  main  signal  in  the  spectra  (Figures  14  to  22) 
to  a  value  of  1500  cm  with  the  computer.  With  this  amplifi¬ 
cation  the  spinning  sidebands  of  large  signals  are  visible. 

The  spinning  sidebands  are  marked  with  a  dot.  The  by-products 
of  RDX,  which  can  be  seen  in  the  spectra,  are  acetone  (6  » 
2.07),  TAX  (6  -  2.16),  open  chain  nitramine  (6  -  2.05),  acetic 
acid  (6  -  1.90),  cyclohexanone  (for  multiplet  see  clean 
substance),  and  aliphatic  impurities  (6  -  1.23  and  1,14). 
Besides  these  impurities  there  are  also  other  signals  st  S  « 
9.00,  8.25,  and  in  the  region  of  6  -  4.90.  These  signals 
result  from  paraformaldehyde  and  products  which  were  formed 
from  paraformaldehyde.  There  are  no  acetylated  by-products  in 
the  RDX  of  the  manufacturer  D  and  no  products  which  were 
formed  from  paraformaldehyde.  This  shows  that  this  RDX  is  not 
synthesized  in  the  Bachmann  process,  but  in  the  nitric  acid 
process.  The  recrystallisation  from  cyclohexanone  is  typical 
for  manufacturer  C  and  distinguishes  him  from  all  other 
manufacturers.  Figure  18  shows  a  product  which  has  been  used 
in  the  production  of  an  explosive.  This  spectrum  can  be 
analyzed  as  well.  The  signals  at  6  -  2.68  and  2.73  result  from 
admixtures  which  were  added  during  granulation. 

HMX  can  be  produced  only  by  the  Bachmann  process.  Therefore, 
acetylated  by-products  like  SEX  (5  -  2.26),  open  chain 
nitramines  (6  -  2.05),  acetic  acid  (6  -  1.90),  and  other 
products  which  were  formed  from  paraformaldehyde  could  be 
observed  in  the  spectra.  As  can  be  seen  in  the  spectra,  only 
SEX,  open  chain  nitramines,  as  well  as  acetone  (  6-2.05) 
from  the  recrystallisation  and  aliphatic  impurities  (6  -  1.14) 
occur  (Figures  19  to  22).  Also  spectra  of  HMX/wax  products 


(Figure  22)  can  be  analyzed  adequately.  Additional  signals  of 
the  wax  component  in  the  NMR  spectrum  of  the  HMX/wax-product 
(manufacturer  D)  appear  at  8  -  3.51  and  in  the  region  from  &  - 
1.50  to  0.70. 

The  author  thanks  Dr.  Langen  and  Dr.  Gupta  for  revising  the 
manuscript. 
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Figure  1:  1 H-NMR  spectrum  of  acetic  acid.  The  signal  at 

6  ■  1.88  belongs  to  the  methyl  group.  The  acid  proton  at 
6  «  11.89  may  shift  if  the  concentration  is  changed. 

Essigiourtonhydrid 


Figure  2:  1 H-NMR  spectrum  of  acetic  acid  anhydride.  The 
signal  at  i  -  1.899  is  an  impurity  of  acetic  acid. 
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Figure  3:  1 H-NMR  spectrum  of  ammonium  nitrate. 
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Figure  4:  1 H-NMR  spectrum  of  paraformaldehyde. 
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Figure  5:  1 H-NMR  spectrum  of  TAX. 
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Figure  6:  ‘H-NMR  spectrum  of  SEX. 
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Figure  8:  'H-NfIR  spectruu  of  1.9-diacetoxy-2,4,6,8- 
tetrani tro-2, 4 , 6 , 8-tetrezanonans . 
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Figure  13:  Quantitative  determination  of  HMX  in  RDX  by 
NMR  spectroscopy,  "he  comparison  with  HPLC  is  also  shown. 


Figure  .14;  ‘H-NHR  spectrum  of  RDX  of  manufacturer  A  at  high 
amplification.  The  detected  impurities  are  acetone  i 6  -  2.07) 
and  aliphatic  compound*  (5  -  1.22-1.14). 


Figure  15:  1 H-NMR  spectrum  of  RDX  of  manufacturer  B  at  high 
amplification.  The  detected  impurities  are  TAX  (5  «•  2.16), 
open  chain  nitramines  (6  -  2.05),  acetic  acid  (6  -  1.90), 
aliphatic  compounds  (6  -  1.14-0.90)  and  products  from 
paraformaldehyde  (6  -  9.00;  8.25). 


Figure  16:  1 H-NMR  spectrum  of  RDX  of  manufacturer  C  at  high 
amplification.  The  detected  impurities  are  cyclohexanone  (6  » 
1.50-2.30),  open  chain  nitramines  (8  -  2.05),  aliphatic 
compounds  (6  -  1.23;  1.14)  and  products  from  paraformaldehyde 
(6  *»  9.00;  8,25;  8.10). 


Figure  19;  1 H-NMF.  spectrum  of  HHX  of  manufacturer  A  at  high 
amplification.  The  detected  impurities  are  SEX  (5  -  2.26), 
acetone  (6  *  2.07;  and  an  aliphatic  compound  (6  -  1.14). 


Figure  20:  1 H-NNR  spectrum  of  BKX  Manufacturer  fa  at  high 
amplification.  The  dejected  impurities  are  SEX  (6  ■*  2.2C), 
acetone  (6  -  2.07)  and  an  aliphatic  impurity  (S  ^  1.1«) 
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Figyre  21:  1 H-NMR  spectrum  of  HMX  of  manufacturer  c  at  high 
amplification.  The  detected  impurities  are  SEX  (6  -  2.26)  and 
an  aliphatic  compound  (S  •  1.14). 
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rigure  22:  ‘H-NMR  spectrum  of  HMX/wax  of  manufacturer  D  at 
high  amplification. 
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MULTICOMPONENT  ANALYSIS  OF  EXPLOSIVES 

F.  Ark  and  T.H.  Chen 

U.S.  Army  Armament,  Research,  Development,  anc  Engineering  Center, 
Picatinny  Arsenal,  N.J.  07806-5000,  U.S. A. 

ABSTRACT 


This  laboratory  has  been  studying  the  multicomponent  analysis  of 
explosives  using  diode-array  ultraviolet/visible  spectrophotometry 
and  Fourier  transform  infrared  spectrophotometry  (FTIX) .  The  aim 
of  this  study  is  to  replace  the  classical  wet  chemical  methods 
which  are  tedious  and  time-consuming  with  the  instrumental  techniques 
with  emphasis  on  speed  of  analysis,  low  toxicity  of  chemicals  used, 
and  future  on-line  process  applications. 

This  paper  will  describe  the  experimental  procedure  used  in  the 
multicomponent  FTIR  analysis  of  Octol,  composed  of  TNT  and  HMX,  and 
discuss  the  results  obtained. 

1.  INTRODUCTION 

Many  of  the  methods  contained  in  the  current  military  standards 
for  the  analysis  of  energetic  and  related  materials  were  developed 
decades  ago.  They  are  usually  tedious  and  time-consuming  and  quite 
often  the  toxic  chemicals  auch  as  benzene  and  mercury  are  used  in 
these  methods.  There  has,  therefore  been,  for  sometime,  a  need  to 
develop  rapid,  reliable,  and  safer  analytical  methodologies  for  the 
assay  and  composition  analysis  of  energetic  and  related  materials. 
This  laboratory  has  been  developing  such  methods  for  sometime  using 
various  instrumental  techniques,  especially  the  multicomponent  diode- 
array  uitraviolet/visibie  spectrophotometry'*'’^’^  and  multicomponent 
FTIR*.  We  are  not  aware  of  any  efforts  in  this  area.  The  aim  of 
this  study  is  to  replace  the  classical  wet  chemical  methods  with 
rapid  and  reliable  instrumental  methods  with  emphasis  on  speed  of 
analysis,  low  toxicity  of  chemicals  used,  and  future  on-line  process 
applications.  This  paper  will  describe  the  experimental  procedure 
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used  in  the  multi-component  FTIR  analysis  of  Octol,  composed  of  TNT 
and  HMX,  and  discuss  the  results  obtained. 

2.  EXPERIMENTAL 

A  Beckman  Model  FT  1100  FTIR  Spectrophotometer  with  4  cm-1  re¬ 
solution  was  used  in  the  analysis.  A  liquid  cell  with  0.05  mm  path 
thickness  and  NaCl  windows  was  used  in  the  recording  of  all  spectra. 
The  instrument  was  purged  with  nitrogen  gas  prior  to  and  during  the 
recording  of  spectral  data. 

The  cyclohexanone  used  was  Aldrich  99-82,  Gold  Label  Grade.  The 
purities  of  HMX  and  TNT  were  better  than  992. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  absorption  charater istics  of  HMX;  Figure  2, 
the  absorption  characteristics  of  TNT;  Figure  3,  the  overlay  of  HMX 
and  TNT;  Figure  4,  the  overlay  of  HMX  and  cyclohexanone;  Figure  5, 
the  overlay  of  TNT  and  cyclohexanone;  Figure  6,  the  overlay  of  HMX 
plus  TNT  and  cyclohexanone  in  a  standard  solution;  and  Figure  7,  the 
overlay  of  HMX  plus  TNT  and  cyclohexanone  in  a  synthetic  mixture. 

The  scanning  time  for  all  spectra  are  approximately  100  seconds, 
corresponding  to  averaging  of  about  83  spectra.  The  concentrations 
of  HMX  and  TNT  in  above  figures  were  approximately  1.8  g  and  0.6  g/ 
100ml  cyclohexanone^ respectively .  In  Figures  1-3  ,  the  absorption  of 
cyclohexanone  was  subtracted  from  the  solution  spectra.  The  sharp 
3pikes  result  from  the  subtraction  of  cyclohexanone  absorption  from 
HMX  in  cyclohexanone  and  from  TNT  in  cyclohexanone.  (See  Figures4-7) 
The  spikes  occur  at  the  strong  absorption  peaks  of  cyclohexanone. 

The  significant  absorption  bands  for  HMX  are  at  1568,  1286,  1273, 
and  928cm  and  chose  for  TNT  are  at  1545  and  1347cm  in  Figure 

2,  the  hatched  area,  the  dark  area  at  1347cm  \  and  the  white  area 
at  1545cm  '  represent  respectively,  HMX  absorption,  TNT  absorption 
above  HMX,  and  TNT  absorption  below  HMX.  This  means  that  HMX  and 
TNT  exhibit  completely  overlapping  aborption  except  at  1347cm  * 
where  the  overlapping  is  slight.  It  would  appear  that  based  on  the 
absorption  characteristics  of  HMX  and  TNT,  the  wave  number  region  of 
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1300-1600c®  ^  may  be  appropriate  for  the  quantitation  of  HMX  and 
TNT.  In  Figures  4-7,  the  dark  area  represents  the  absorption  of 
cyclohexanone,  the  hatched  area  the  absorption  of  HMX  above  cyclo¬ 
hexanone  (Figure  4) ,  the  absorption  of  TNT  above  cyclohexanone 
(Figure  5),  the  absorption  of  HMX  and  TNT  in  a  standard  above  cyclo¬ 
hexanone  (Figure  6),  the  absorption  of  HMX  and  TNT  in  a  synthetic 
mixture  above  cyclohexanone  (Figure  7),  and  the  white  area  represents 
the  corresponding  absorption  of  the  solute  in  each  solution  below 
cyclohexanone . 

strong 

It  should  be  noted  that  the  cyclohexanone  absorption  is  quite^sin 
the  vicinity  of  928  and  1285c®~^  where  HMX  and  TNT  exhibit  signifi¬ 
cant  absorption,  the  ratio  of  solvent  to  solute  being  about  1:1. 

Only  the  1568cm~  region  is  essentially  free  from  the  interfering 
absorption  of  cyclohexane.  This  region  was  therefore  included  in 
the  quantitative  studies. 

The  quantitation  was  based  on  Beckman's  Vector  Quant  software. 

The  parameters  studied  include  the  starting  index  (SI),  which  enables 
the  elimination  of  unwanted  noise  by  choosing  appropriate  SI  values, 
and  the  wave  number  region.  In  the  quantitative  analysis,  five 
standard  mixtures  with  composition  of  HhX  ranging  from  about  71  to 
79!  and  TNT  from  21  to  28!  (weight/volume)£rable  1)  were  prepared  to 
bracket  the  concentration  of  the  synthetic  mixture  (about  75  HMX  and 
25!  TNT,  w/v) .  The  correlation  coefficients  of  the  standard  curves 
were  found  to  be  0.9963  for  HMX  and  0.9946  for  TNT.  This  study 
established  the  optimum  conditions  for  the  analysis  of  Octol  to  be 
SI  ■  130  and  the  spectral  region  of  1617-1509cm  .  The  results  are 

summarized  in  Tables  2  and  3.  Table  2  is  expressed  in  terms  of  the 
weight  added  and  the  amount  found,  whereas  Table  5  is  shown  in  terms 
of  composition.  The  residual  represents  the  unaccounted  for  portion 
of  the  spectrum.  This  amounts  to  less  than  1!  and  arises  most  likely 
from  the  system  noise.  The  results  obtained  are  quite  good  with  the 
!  recovery  of  99.51  and  99.42  for  HMX  and  TNT,  respectively.  The 
precision  in  terms  of  RSD  was  1.10!. 


4.  CONCLUSION 


A  rapid  analytical  method  for  the  analysis  of  Octol  by  multicom¬ 
ponent  FTIR  has  been  developed.  Cyclohexanone  was  used  as  the 
solvent  and  the  starting  index  of  130  and  the  spectral  region  of 
1617~1509cm  ^  were  determined  to  be  the  optimum  parameters.  The 
results  were  quite  satisfactory  with  99.51  and  99.42  recovery  %  for 

HMX  and  TNT,  respectively.  The  precision  in  terms  of  RSD  was  1.1%, 
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Table  1.  Composition  cf  Standard  Mixtures 


Standard  No.  Actual  Weight  g/25ml  X  (Weight/Volume) 


HMX 

TNT 

HMX 

TNT 

1 

0.4743 

0.1216 

79.00 

21.00 

2 

0.4625 

0.1382 

76.99 

23.01 

3 

0.4497 

0.1497 

75.00 

25.00 

4 

0.4378 

0.1622 

72.94 

27.06 

5 

0.4275 

0,1725 

71.25 

28.75 

Table  2.  Analysis  of  HMX  and  TNT  in  Synthetic  Mixtures 


Synthetic 

Amount  , 

Added,  g 

Aaout  Found, g 

Residual 

X  Recovery 

Mixture  No. 

HMX 

TNT 

HMX 

TNT 

HMX 

TNT 

1 

0.4512 

0.1514 

0.4497 

0.1500 

0.0022 

99.67 

99.08 

2 

0.4503 

0.1508 

0.4487 

0.1513 

0.0013 

99.64 

100.33 

3 

0.4526 

0.1522 

0.4491 

0.1505 

0.0032 

100.78 

98.88 

4 

0.4507 

0.1515 

0.4498 

0.1487 

0.0050 

99.80 

98.15 

5 

0.4503 

0.1497 

0.4498 

0.1493 

0.0044 

99.89 

99.73 

6 

0.4493 

0.1502 

0.4475 

0.1515 

0.0022 

99.60 

101,07 

7 

0.4528 

0.1580 

0.4402 

0.1560 

0.0017 

97.22 

98.73 

Average 

99.51 

99.42 

RSD ,  % 

1.10 

1.10 

Table  3.  Analysis  of  HMX 

and  TNT 

in  Synthetic 

Mixtures 

Synthetic 

Compos i t ion , 

Weight/Volume 

%  Residual 

Mixture 

No. 

Added 

Found 

HMX 

TNT 

HMX 

TNT 

1 

74.88 

25.12 

74.71 

24.92 

0.37 

2 

74.91 

25.09 

74.62 

25.16 

0.22 

3 

74.83 

25.17 

74.50 

24.97 

0.53 

4 

74.84 

25.16 

74.53 

24.64 

0.83 

5 

75.05 

24.95 

74.53 

24.74 

0.73 

6 

74.95 

25.05 

74.43 

25.20 

0.37 

7 

74.13 

25.87 

73.62 

26.07 

0.28 

Table 


Av  e  ~  3  e 
USD ,  7 
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3. 


Analysis  of  HMX  and  Tin  in  Synthetic 

Composition,  Weight /Vo lune 

Added  Found 


Mixtures  (cont'd) 
7.  Residual 


HMX  TNT 

24.79  25.20 

0.41  1.21 


HMX  TNT 

24.42  25.10 

0.49  1.91 


0.48 

0.21 


Figure  2.  IR  Spectrum  of  TNT 
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Dark  Area:  Cyclohexanone  Absorption 

Hatched  Area:  Absorption  of  HMX  and  TNT  in  a  Standard  above 
White  Area:  Absorption  of  HMX  and  TNT  in  a  Standard  below  C 


Figure  7.  Overlay  IR  Spectra  of  HMX  plus  TNT  in  a  Synthetic  Mixture  and  Cyclohexanone 
Dark  Area:  Cyclohexanone  Absorption 

Hatched  Area:  Absorption  of  HMX  and  TNT  in  a  Synthetic  Mixture  above  Cyclohexanone 
White  Area:  Absorption  of  HMX  and  TNT  in  a  Synthetic  Mixture  below  Cyclohexanone 
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ABSTRACT 


DlFEUS.lQJjA3P^S.PilTRACEAPLE  MATERIAL  K>R 
EXPLOSIVE  PFIKTON 

by  Dr  J  Gilbert  (RARDE) 


The  use  of  dogs  is  still  the  most  effective  general 
method  for  searching  for  concealed  explosives.  Tine  recent 
shift  in  illicit  use  from  nitroglycerine  based  to  plastic 
explosives  has  had  consequences  for  both  the  clog  handling 
and  electronic  detector  based  communities.  The  difference  in 
vapour  pressure  between  the  solid  and  nitroglycerine 
based  explosives  has  not  only  exacerbated  the  problems  of 
detection,  but  also  causes  the  facile  contamrrraJtrorr  of  the 
plastic  explosives  used  for  laboratory  and  nrainrnig  purposes. 

This  paper  describes  the  background  arid  work; 
undertaken  to  quantify  the  sorption  by  and  lass  from  plastic 
explosives  of  Ethylene  Glycol  Dinitrate  and  3  NSteotolacnc 
commonly  encountered  constituents  of  commercial 
explosives.  The  knowledge  of  the  diffusion  coefficients  for 
these  materials  enables  estimates  to  be  made  of  the  rate  of 
contamination  of  explosives  stored  with  gclrgniitcs.togcthcr 
with  the  consequences  for  the  detection  of  the  contaminated 
material. 


31-1 

GUNSHOT  DISTANCE  DETERMINATION  BY  MEANS  OF  INSTRUMENTAL  NEUTRON 
ACTIVATION  ANALYSIS  AND  AUTORADIOGRAPHY 

A.  Brandone,  M,  Signori 

Dipartimento  di  Chimica  Generale  UniversitA  di  Pavia 
Via  Taramelli  12,  Pavia,  Italia 

F.  De  Ferrari,  P.  Pelizza 

Istituto  di  Medicina  Legale  UniversitA  di  Brescia 
Spedali  Civili,  Brescia,  Italia 

V.  Vidiri 

Scuola  di  Polizia  Giudiziaria  -  (Ministero  degli  Interni) 

Via  Vittorio  Veneto  3,  Brescia,  Italia 

ABSTRACT 

Forensic  gunshot  distance  determination  is  a  question  not  so  easy  to 
be  resolved.  As  a  matter  of  fact  different  techniques  such  as  studies 
on  tattoving  of  the  skin,  infrared  photography,  fluorescence  tecniques, 
antimony  determination  on  the  target  by  means  of  Instrumental  Neutron 
Analysis  (INAA)  etc.  have  been  proposed. 

We  report  here  the  quantitative  determination  of  antimony  on  different 
target  distances  carried  out  by  INAA  coupled  with  the  autoradiography 
of  the  neutron  irradiated  targets. 

The  target  were  fragments  of  cotton  tissue  (cm  10  x  cm  10);  firing 
distances  were  in  the  range  from  5  cm  to  100  cm;  shots  have  been  car¬ 
ried  out  with  different  firearms  of  the  same  calibre.  The  results  are 
reported  together  with  the  advantages  of  the  proposed  techniques. 

1.  INTRODUCTION 

Forensic  activity  during  Judicial  investigations  of  crimes  in  which 
firearms  have  been  employed  applies  different  criteria,  among  which  great 
importance  is  attached  to  the  determination  of  shooting  distance. 

The  methods  proposed  and  praticed  are  different,  in  order  to  answer 
this  serious  question  that,  however,  doesn’t  seem  could  be  easily  solved, 
especially  when  an  accuracy  of  centimeters  is  required. 

Even  recently,  numerous  authors  have  tackled  this  problem;  among 
the  most  meaningful  works  we  can  call  to  mind  are  the  ones  of  Villanueva 
et  al.  (15)  who  have  investigated  gunpowder  residues  by  Atomic  Absorption 
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Spectrophotometry ;  tdie  authors  note  -that  -while  iron,  copper,  cadmium 
and  have  very  irregular  iwhavlour,  lead,  barium  and  antimony  give 

very  .good  results  in  agreement  to  other  studies  on  this  topic  (2,12,16). 
Lekstrom  and  Tfaons  (11)  too  have  investigated  this  subject  by  colorimetric 
tests,  studying  in  particular  the  Dithioxami.de  Test,  also  Known  as  the 
rubesnic  acid  (DTO  test);  this  procedure  baaed  on  the  formation  of  colored 
precipitates  with  copper  (dark  -green) ,  -nickel  (pink  or  blue)  and  cobalt 
(brown)  used  in  conjunction  with  the  Modified  Griess  Test  and  with  the 
Sodium  Rhcdizonate  Test  offer  b,  according  to  the  authors,  a  good  reliability 
i-n  the  muzzle- to-target  distance  -determination.  Notable  are  also  the 
experiments  of  Basu  (1)  on  the  use  of  Scanning  Electron  Microscopy  equipped 
with  energy  dispersive  X-ray  fluorescenoe. 

Among  the  different  methods  proposed,  we  think  to  be  worthy  the  ones 
based  on  the  determination  of  the  levels  of  gunshot  residues  deposited 
on  the  target;  more  particularly,  the  quantitative  analysis  of  antimony 
(Sb)  by  means  of  the  Instrumental  Neutron  Activation  Analysis  (INAA) 
is  the  one  that  offers  the  best  profit  because  it  allows  a  low  level 

of  antimony's  detection  that,  at  the  modalities  explained  later  on, 

—8 

arrives  at  fractions  of  micrograms  (1x10  gr).  Furthermore  the  sample 
is  not  altered  by  chemical  procedures  -and  is  available  for  further  labora¬ 
tory  tests.  We  mustn't  overlook  the  rapidity  of  analysis  execution: in 
fact  after  30  minutes  of  irradiation  followed  by  4-5  hours  of  cooling 

it's  possible  to  obtain  the  quantitative  datura  of  antimony. 

The  usefulness  of  this  technique  has  been  confirmed  by  many  authors 
(7,10,14). 

The  proposed  methodology  is  a  novel  application  that  has  been  previously 
tested  by  some  of  us  (3,4,5)  baaed  -on  these  experimentally  proven  conside¬ 
rations: 

the  gases  generated  at  the  moment  of  the  shot  by  propellent  charge  defla¬ 
gration  come  out  from  the  muzzle,  carrying  away  end  dropping  on  the 
target,  as  far  as  150-200  cm,  gunpowder  residues.  Among  these  residues 
is  the  antimony  that  consequently  will  :be  detectable  on  the  target  itself . 
Therefore  the  amount  of  antimony  present  on  the  target  varies  according 
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to  shooting  distance,  lowering  as  the  distance  increases.  Comparing 
the  results  obtained  from  the  sample  with  the  ones  obtained  by  testing 
shots  at  known  distances  possibly  fired  using  the  same  fire  arm  and 
the  sameemninition  of  the  lawsuit  in  question,  it's  possible  to  find 
out  the  unknown  distance. 

Experimental  investigations  previously  carried  out  by  some  of  us  (4,5) 
have  evidenced  the  irreproducibility  of  the  quantitative  datum  for  shots 
fired  at  the  same  distance  because  of  the  cartridge  in  which  the  composition 
and  the  amount  of  the  components,  even  if  strictly  standardized,  can 
undergo  light  variations.  Therefore  stress  is  placed  on  the  importance 
of  recording  the  spatial  distribution  of  gunshot  residues  that  ,  indepen¬ 
dently'  of  antimony  level  variations,  is  quite  reproducible  at  a  parity 
of  distance. 

In  the  present  work  we  have  made  quantitative  determinations  of  antimony 
on  targets  ,  for  shooting  distance  from  5  to  100  cm,  revealing  its  spatial 
distribution  by  autoradiography  technique. 

2.  EXPERIMENTAL 

Test  shots  were  fired  at  the  Judicial  Police  school  of  Brescia's  indoor 
rifle  range,  using  9ram  calibre  fire  arms  that  represent  the  usual  equipment 
of  the  Police  Force;  these  arms  (Beretta  mod.  51;  Beretta  mod.  92  SB; 

Beretta  mod.  92  SB  Compact;  tommy-gun  Beretta  mod.  M12S)  are  classified 
ty  the  Italian  law  as  war-arms,  therefore  not  available  to  civilians. 

Ammunition  consisted  of  9am  calibre  parabellum  0.  Fiocchi  cartridges  with 
jacketed  bullet  coming  from  the  same  production  batch,  for  each  pistol  model , 
three  different  arms  have  been  used,  carrying  out  15  shots  from  each 

of  them.  Shots  have  been  executed  at  distances  of  5,10,15,20,25,30,35,40, 
45,50,60,70,80,90,  and  100  cm  in  withe  cotton  target. 

Following  previously  tested  sampling  modalities  (3,4,5)  10  by  10  cm 

squares  of  cloth  have  been  cut  out  around  the  entrance  hole.  Antimony 
level  determination  has  been  performed,  according  to  tested  methods 

(5,13)  by  the  following  scheme: 

12  —2  -1 

-lx  10  neutron  flux  cm  sec  irradiation  for  30  minutes  in  the  TRIGA 

MARK  II  (250  Xw)reactor  of  The  University  of  Pavia. 
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1 22 

-  £  spectrophotometry  for  the  564  Kev  radiation  of  the  Sb  measured 
using  a  poets  ’  Ge/Htetector  connected  to  LABEN  701  computerized  scanner, 
after  48  hours'  cooling  period; 

-  autoradiography:  this  technique  consists  in  laying  the  previously  irradia¬ 
ted  sample  on  a  X-ray  film  for  nearly  18  hours.  The  antimony  decay 
radiations  expose  the  film,  producing  an  actual  .size  image  representing 
its  spatial  distribution. 

3.  RESULTS  AND  DISCUSSION 

The  results  of  antimony  level  determination  are  reported  in  the  tables 
1,2,3,  and  4,  and  in  the  graphs  1,2,3,  and  4.  The  examination  of  the  data 
shows  the  variability  of  antimony  deposits  fer  shots  at  the  same  distance; 
this  confirms  the  results  of  previous  studies, demonstrating  the  important 
role  carried  out  by  the  cartridge.  This  variability  testifies  to  the 
possibility  of  mistakes  in  shooting  distance  identification  by  using 
the  only  quantitative  datum  relative  to  antimony,  and  to  the  usefulness 
of  applying  a  second  test  suitable  to  evidentiate  the  distribution  of 
the  residues  on  the  target,  as  will  be  further  explained. 

The  analysis  of  the  graphs  seensto  point  out  an  exponential  decrement 
for  distances  from  5  to  70-80  cm  of  Sb  levels  but  doesn't  show  important 
differences  among  the  four  9mm  calibre  pistol  models.  For  longer  distances, 
Sb  amount  remains  steady  because  of  bullet's  classing. During  its  air  trajec 
tory.  The  adoption  of  the  autoradiography  test  after  the  INAA  test  has  allowed 
us  to  integrate  the  quantitative  datum  demonstrating  the  spatial  distri 
bution  pattern  of  the  residues.  The  worth  of  the  autoradiography  is  not 
in  only  the  film  impression  intensity  but  also  in  the  dimension  and 
the  kynd  of  distribution  of  residues  around  the  hole  (photographs  1  to  12). 

In  previous  studies  (4,6)  we  have  made  a  comparison  with  other  kinds 
of  photographic  techniques  (white  light,  infr  red  and  ultraviolet  photo¬ 
graphy  ;  autoradiography  has  demonstrated  to  be  the  best  tecbfcque  because 
of  higher  sensibility,  producing  a  good  visualization  of  tne  residues 
even  for  distances  longer  than  30-40  cm.  Particularly  significant  is 

the  constant  presence  of  a  shadow  relevable  around  the  bullet  hole; 
it  let  investigators  make  differential  diagnoses  between  entrance  and 
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exit  orifices,  according  to  conclusions  of  many  authors  (8,9);  Villanueva 
et  al.  (15)  expecially  have  demonstrated  the  presence  of  antimony  and 
lead  residues  for  distances  over  80  cm. 

Also  it  must  be  stressed  how  the  morphological  datum  is  particularly 
useful  in  cases  in  which  the  target  is  a  cloth  made  with  fibers  with  a  na 
tural  high  content  of  antimony,  lettin  us  differentiate  the  antimony  originated  by 
the  shot  from  the  antimony  naturally  present  in  the  cloth. 

4.  CONCLUSIONS 

In  summary,  according  to  our  experience,  we  do  consider  autoradiography 
the  complementary  tecnique  to  the  INAA. 

4.1  In  fact  from  an  operative  point  of  view,  the  material  that  has  undergo¬ 
ne  neutron  irradiation  in  one  only  session  is  first  analyzed  to  determine 
its  antimony  content  and  later,  by  the  use  of  autoradiography,  the  quanti¬ 
tive  datum  is  completed  with  the  image  of  the  distribution  of  G  S  R. 
This  double  examination  allows  a  reduction  of  the  margin  of  error  connected 
to  the  uncertain  shooting-distance  determination  based  only  on  the 
quantitative  datum  of  Sb. 

4.2  From  an  expert  point  of  view,  a  further  advantage  offered  by  autoradio¬ 

graphy  must  be  stressed:  the  shape  and  the  eccentricity  of  the  deposit's 
shadow  in  relation  to  the  entrance  hole  permit  us  to  deduce  the  inclination 

of  bullet's  trajectory,  similar  to  the  classical  smoke  and  tatooing 

marks. 

4.3  The  autoradiography  images  obtained  from  the  exhibit  and  the  test 

samples,  enclosed  in  the  expert's  report,  represent  an  element  of  immediate 
perception  also  to  the  non-specialists,  giving  the  opportunity  of  verifying 
directly  the  investigation  results  to  the  judge  and  to  the  involved 
parties.  We  think  this  will  have  more  importance  in  Italy  because  of 
the  new  code  of  penal  procedure,  expecially  for  that  part  of  the  trial 
known  as  preliminaxyinquiry. 

4.4  Finally,  we  consider  it  possible  to  gain  reliable  conclusions  on 

the  determination  of  shooting  distance  by  means  of  the  proposed  technique, 

even  conscious  that  the  opti»»  conditions  of  the  experimental  phase  (parpen 
dicular  shot,  wind  absence,  immediate  sampling  and  optimum  preservation 
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of  the  sample  itself)  are  often  very  far  from  the  ones  pertinent  to 
the  actual  case  being  investigated,  and  therefore  we  must  streae 

the  importance  of  collecting  as  much  informations  as  possible  even  about 
the  "story"  of  the  exhibit  itself  untill  the  moment  it  has  been  given 
to  the  expert. 
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.TABLE  1  :  BERETTA  92/SB  SEMIATOMATIC  PISTOL 


REGISTRY  NUMBER  I  x  36393Z  I  X  24598Z  I  x  65647Z 


SHOOTING  DISTANCE j  Sb  LEVEL  ON  TARGET 

(CM)  |  Curt) 

1 

1  % 

5 

|  188,06 

|  214,92 

|  226,00 

| 209,66 

1 

22,41  |  10,68 

10 

|  112,43 

j  133,55 

|  166,52 

|137,51 

1 

31,95  |  23,23 

15 

1  74,24 

j  70,98 

j  95,20 

|  80,14 

1 

14,30  j  17,04 

20 

|  59,34 

[  60,28 

|  95,09 

1  71,57 

1 

21,12  j  29,50 

25 

1  44,13 

j  79,27 

|  76,91 

|  66,77 

1 

20,76  j  31,09 

30 

|  35,16 

j  58,26 

j  60,15 

|  51,19 

1 

14,76  |  28,83 

35 

j  26,64 

j  37,81 

j  41,04 

j  35,16 

1 

8,50  j  24,17 

40 

|  28,13 

j  26,57 

j  24,86 

|  26,52 

1 

1,93  |  7,27 

45 

j  28,88 

j  28,04 

j  19,57 

j  25,48 

1 

5,50  j  21,58 

50 

j  13,98 

1  14,61 

j  14,23 

!  14,27 

1 

0,37  j  2,59 

60 

1  7,04 

i  8,27 

j  10,79 

|  8,70 

! 

2,21  j  25,40 

70 

1  4,18 

j  6,18 

|  5,06 

1  5,14 

1 

1,18  j  22,95 

80 

1  4,75 

1  3,16 

I  3,51 

1  3,81 

1 

0,93  j  24,40 

90 

1  3,39 

1  3,04 

j  4,70 

1  3,71 

1 

0,98  |  26,41 

100 

1  3.38 

! 

3.80 

1  3.63 

i 

0.33  1  9.09 

GRAPH  1:  BERETTA  92/SB  SEMIAUTOMATIC 
PISTOL  -  CORRELATION  BETWEEN 
ANTIMONY  LEVEL  AND  DISTANCE 
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TABLE  3  :  BERETTA 
IGISTRY  NUMBER 
HOOTING  DISTANCE 
(CM) 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

60 


51  SEMIAUTOMATIC  PISTOL 


311,54 

117,47 

77,08 

56,59 

68,46 

52.45 
45,96 
23,01 

21.45 
12,62 

7,27 

5,30 

4,82 

3,95 

5,85 


14533 
Sb  LEVEL 

_ ( 

307,06 

131,75 

79,72 

62,64 

56,38 

36,16 

42,61 

31,84 

15,24 

20,05 

9,07 

4,32 

4,49 

3,39 

3,73 


10454  | 

ON  TARGET 

be! _ 

231,50  | 

121,18  j 

82,45  j 

51.39  j 

48.40  j 

40,16  j 
27,28  | 

21,87  | 

13,04  j 
12,15  | 

12,61  | 

5,64  | 

5.74  | 

3,44  | 

4.74  I 


283,37 

123,47 

79.75 
56,87 

57.75 
42,92 
39,95 

25.57 

16.58 
14,94 

9,65 

5,09 

5,02 

3,59 

4,77 


St.  d. 


47,28 

8,43 

3,17 

6,64 

11,85 

9,62 

11,03 

5,89 

4,96 

4,66 

3,15 

0,77 

0,73 

0,33 

1,25 


_% _ 

16,68 

6,82 

3,97 

11,67 

20,51 

22,41 

27,60 

23,03 

29,91 

31.19 
32,64 
15,12 
14,54 

9,19 

26.20 


GRAPH  3:  BERETTA  51  SEMIAUTOMATIC 
PISTOL-CORRELATION  BETWEEN 
ANTOMONY  LEVEL  AND  DISTANCE 
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DBTRCTION  OP  BXTRKMRLY  LOW  CONCENTRATIONS  OP  ULTRA  PURE  TNT 
BY  RAT 


S.  Weinstein.  Ph.D. .  R.  Drozdenko,  Ph.D.,  AC.  Weinstein,  M.A. 

NeuroCommunication  Rewoarch  Laboratories,  I no . 

36  Mill  Plain  Road,  Danbury,  Connecticut  06811,  USA 

Although  much  work  haw  been  porformed  using  trained  animals 
to  detect  the  preaonce  of  explosive  vapors,  few  attempts  have 
boon  made  to  determine  performance  as  a  function  of 
concentration.  In  our  earlier  work,  rats  were  successfully 
trained  to  detect  military-grade  TNT  with  a  high  level  of 
confidence.  A  typical  example  is  rat-00-76  whioh  detected 
military  grade  TNT  with  o  statistical  confidence  lovel  of 
bettor  than  99. 9*.  In  this  oarly  work,  the  oonoentration  of 
explosive  vapors  was  not  measured,  and  subsequent  vapor 
analysis  by  gas  chromatography  indicated  that  2,4-DNT  was  tho 
likely  target  vapor.  In  more  rocent  work  with  highly-pure 
TNT,  wo  collooted  samples  of  the  test  air  and  control  air 
during  measurements  of  a  rat's  performance.  The  oonoentration 
of  TNT  in  test  and  oontrol  air  streams  was  measured  by  gee 
chromatography  (QC).  In  this  manner,  we  investigated  the 
ability  of  a  rat. to  differentiate  between  concentrations  of 
pure  TNT. 

Rat-79-88  was  trained  to  prose  a  bar  when  TNT-iaden  air  was 
delivered,  and  to  rofrain  from  pressing  a  bar  when 
nonTNT- laden  air  was  delivered.  The  test  apparatus  (soo 
Pigure)  was  under  computer  control,  and  was  used  to  deliver 
varying  concentrations  of  TNT  vapor.  The  oomputer 
additionally  scored  the  rat's  performance,  controlled 
reinforoement  contingencies,  and  controlled  the  air-saupllng 
pumps  for  ths  GC. 
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Boforo  tho  exporlmont  to  measure  rat  performance  eonourrontly 
with  TNT  concentration,  experiments  were  conducted  to  insure 
that  tho  rot  was  indeed  responding  only  to  the  presence  of 
TNT,  and  not  to  some  concomitant  oue.  In  ono  series  of 
experiments,  the  arms  of  tho  test  apparatus  that  were  used  to 
doliver  TNT  or  control  air  to  the  rot  wero  switched.  The  fat 
responded  to  the  dolivery  of  TNT  and  not  to  the  oontrol  air. 
In  anothor  sories  of  experiments,  tho  TNT  source  was  removod 
from  tho  test  apparatus.  For  the  first  SO  trials,  tho  rat 
doteoted  TNT  as  if  the  source  was  still  intact.  For  the 
socond  50  trials,  performance  foil  appreciably.  Finally, 
during  the  last  series  of  50  trials,  performance  stopped. 
Booause  the  roinforcement  contingencies  remained  enabled,  the 
rat  could  hove  received  its  reinforcement  if  it  could  have 
solved  the  detection  task  by  altornato  means.  Howover,  it  did 
not.  Detection  during  the  first  100  trials  was  evidently  due 
to  residual  TNT  in  the  souroo  chamber.  In  this  manner,  wo 
verified  that  tho  rat  responded  only  to  the  presenoe  of  TNT. 

Tho  experiment  to  measure  performance  as  a  function  of 
concentration  was  conducted  by  measuring  TNT  concentrations 
by  OC  conourrently  with  the  rat’s  performance.  Both  the  teat 
air  and  the  control  air  wore  samplod  concurrently  during  oaoh 
session.  The  samples  of  sir  for  OC  analysis  were  collected 
from  tho  same  ares  that  the  rat  samplod  so  that  an  soouratc 
measure  of  what  the  rat  was  sampling  would  bo  gained.  Rather 
than  training  the  rat  to  specifically  detect  low  levels-  of 
TNT,  tho  rat  was  trained  to  detect  saturated  levels,  and 
performance  testing  took  place  during  titration  of  tho 
concentration  of  TNT.  During  the  titration  experiments  (500 
trials),  this  rat  evidenced  96%  correct  detection  when 
challenged  with  TNT  in  tho  range  of  2~3  ng/L;  simultaneously, 
there  wero  only  3  false  alarms  in  tho  309  challenges  with 
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control  air.  Before  titration,  the  rat  avaragad  96X  oorraot 
behavior.  The  deorement  In  performance  coneomltant  with 
titration  was  probably  not  due  to  fatigue,  beoause  the  rat  had 
n  hiatory  of  responding  to  up  to  1171  trails  in  a  fow  hours. 
That  high  work  level  was  not  exceeded  during  these 
exporimonts.  The  following  Table  provides  data  from  the  last 
three  sessions. 


TAB!, 8 

Session  Trials  XCorr  XDotac  *FA_  EBRP9JU1AKCR 


TB8T  CONTROL 
pg/L_  pg/L  . . 


11 

50 

100 

100 

0 

100 

2 .44 

0.37 

12 

50 

98 

95 

0 

96 

1.32 

0.39 

13 

100 

80 

60 

0 

60 

1.07 

0.37 

Key: 

1.  Session  is  a  series  of  trails  during  which  concentrations 
of  TNT  are  collected. 

2.  Trails  is  the  number  of  challenges  presented. 

3.  XCorr  is  the  percentage  correct,  which  Is  the  sum  of  the 
trails  of  detection  and  correct  omission  than  divided  by 
the  total  number  of  trials,  oxpressed  as  a  peroentago. 

i.XDotec  is  tho  porcentage  of  detections. 

5.  XPA  is  the  percentage  of  falso  alarms. 

6.  "Porformanca"  is  defined  as  the  difference  in  percentages 
detection  and  false  alarm. 

7.  "TBST"  presents  the  concontration  of  TNT  vapors  (ng/L) 
in  the  tost  air. 

8.  "CONTROL"  presonts  the  concentration  of  TNT  vapors  (ng/L) 
in  the  control  air  (which  is  background  noise). 
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FBI  LABORATORY  EVALUATION  OF  PORTABLE 
EXPLOSIVES  VAPOR  DETECTORS 


Dean  D..  Fetterolf 

FBI  Laboratory,  Forensic  Science  Research  Unit 
FBI  Academy,  Quantico,  Virginia,  22135,  USA 

aiSTEASS 

In  March,  1988,  the  FBI  Laboratory  conducted  an  evaluation  of 
commercially  available  explosives  vapor  detectors  under  operational 
scenarios  typically  encountered  by  law  enforcement  and  security 
personnel.  Three  gas  chromatograph/electron  capture-based  detectors, 
the  Ion  Track  Model  97,  the  Scintrex  EVD-1,  and  the  Sentex  Scanex  Jr. 
as  well  as  the  ion  mobility  based  Graseby  PD-5  were  evaluated. 

The  explosive  detection  and  operational  capabilities  of  each 
detector  were  examined  by  sampling  laboratory  reference  standards, 
the  test  explosives  and  potential  interf erants .  Bomb  quantities  of 
a  variety  of  explosives  were  hidden  in  packages,  briefcases,  and 
luggage.  Practical  search  problems  also  involved  locating  explosives 
hidden  in  automobiles,  mail,  motel  rooms  and  a  townhouse. 

Only  a  few  positive  responses  to  potential  interferants  were 
recorded.  Dynamite  (NG  and  EGDN)  was  readily  detected  with  only 
2  hours  soak  time  in  the  various  test  items  and  search  scenarios. 
TNT  was  also  found  in  some  cases.  The  less  volatile  explosives 
including  an  NH4N03  emulsion,  PETN  Deta  Sheet  and  the  C-4  were 
undetected  in  any  test  item  after  18  hours  soak  time  or  in  any  of 
the  practical  search  problems.  Summarized  test  procedures  and 
results  are  presented  to  allow  the  reader  to  evaluate  the  data  with 
respect  to  his/her  own  operational  requirements. 


This  is  a  publication  of  the  Laboratory  Division  of  the  Federal 
Bureau  of  Investigation.  Names  of  commercial  manufacturers  are 
included  for  information  only  and  does  not  constitute  or  imply 
endorsement,  recommendation  of  favoring. 
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1.  INTRODUCTION 

The  rise  in  domestic  and  international  terrorism  in  the  last 
decade  has  generated  an  increasing  interest  by  law  enforcement  and 
physical  security  personnel  in  the  operational  uses  and  capabilities 
of  commercially  available  portable  explosive  vapor  detectors.  These 
uses  include  the  security  screening  of  personnel  or  items  entering 
a  building  or  secure  facility.  Law  enforcement  uses  include  such 
scenarios  as  bomb  threats,  suspicious  packages  or  searching  for 
secondary  devices  following  an  explosion. 

A  number  of  laboratory  studies  were  carried  out  in  the  late  1970s 
by  Sandia  National  Laboratories,  the  United  States  Department  of 
Transportation,  and  the  Naval  Explosives  Ordnance  Disposal  Facility. 
In  April,  1981,  a  comprehensive  field  test  of  commercially  available 
explosives  detectors  and  dogs  was  carried  out  by  the  Research  and 
Development  Division  of  the  Bureau  of  Alcohol,  Tobacco  and  Firearms, 
U.S.  Department  of  the  Treasury. 

This  paper,  condensed  from  a  final  report  of  126  pages, 
summarizes  the  test  procedures,  provides  a  brief  functional 
description  of  each  detector,  and  presents  the  results  from  their 
evaluation  under  operational  scenarios  of  interest  to  law  enforcement 
and  security  personnel.  The  evaluation,  conducted  by  the  FBI 
Laboratory  during  March  21-24,  1988,  was  directed  toward  the  needs 
of  the  "user"  while  maintaining  a  fair  and  impartial  test 
environment . 

It  was  made  clear  to  the  manufacturing  representatives  that 
participation  in  the  test  and  the  results  thereof  does  not  constitute 
or  imply  endorsement,  favoring  or  recommendation  by  the  U.S. 
Government  or  any  agency  or  employee  thereof.  No  specific 
recommendations  regarding  overall  detector  performance  are  made.  The 
reader  must  evaluate  the  data  with  respect  to  his/her  own  operational 
requirements. 

The  explosive  detection  and  discrimination  capabilities  of  each 
detector  were  examined  by  sampling  laboratory  reference  standards, 
the  test  explosives  and  potential  interferants.  Bomb  quantities  of 
a  variety  of  explosives  were  hidden  in  packages,  briefcases,  and 
luggage.  These  test  items  were  treated  as  suspicious  items.  The 
briefcases  were  also  sampled  using  the  EOD  Technician  procedure 
called  "burping"  which  calls  for  the  compression  of  the  briefcase 


forcing  vapor-enriched  air  to  escape,  thus  enhancing  the  probability 
of  detection.  This  procedure  was  included  at  the  request  of  some 
of  the  manufacturers.  Practical  search  problems  also  involved 
searching  for  explosives  hidden  in  automobiles,  mail,  motel  rooms 
and  a  townhouse.  These  were  directed  searches  in  which  several 
specific  location  were  labeled  and  searched.  This  effectively 
eliminated  the  ability  of  the  operator  to  conduct  a  proper  search  as 
an  uncontrollable  variable  and  placed  the  emphasis  on  the  detector. 

II.  TEST  PROCEDURES  AND  GUIDELINES 

Bomb  quantities  of  live  explosives  were  used  in  the  packages, 
briefcases  and  suitcases.  The  explosives  typically  weighed  from  1 
to  1.25  pounds.  Only  1/4  pound  of  dynamite  was  used  due  to  the 
highly  volatile  nature  of  nitroglycerine  (NG)  and  ethyleneglycol 
dinitrate  (EGDN)  and  the  fear  of  contamination.  PETN  Deta  Sheet, 
Atlas  7D  emulsion,  TNT  and  C-4  explosives  were  selected  from 
"sterile"  (non-dynamite  storage)  bunkers.  Hercules  Red  Dot 
smokeless  powder  was  purchased  a  few  days  prior  to  the  evaluation. 
The  Hercules  Unigel  dynamite  was  stored  in  a  separate  bunker. 

A  soak  time  (time  since  package  preparation  and  examination)  of 
18  hours  was  provided  for  packages  and  briefcases  containing  PETN, 
TNT,  C-4,  Atlas  7-D  and  smokeless  powder.  The  soak  time  for  dynamite 
was  only  2  hours. 

Great  care  was  taken  to  avoid  cross-contamination  of  the 
explosives  and  the  test  items  during  preparation,  storage  and 
handling.  Double  gloves  were  worn  during  the  preparation.  Storage 
was  provided  by  double  wrapping  each  item  containing  explosives  in 
plastic  garbage  bags.  These  items  were  stored  separately  from  blank 
items  or  those  containing  interferants.  No  dynamite  or  test  items 
containing  dynamite  were  permitted  in  the  test  facility  until  just 
before  the  testing  began. 

The  manufacturing  representatives  were  invited  to  attend  the 
evaluation  in  January  of  1988.  A  brief  outline  detailing  which 
explosives  would  be  used,  the  operational  test  scenarios,  types  of 
interferants,  testing  schedule,  and  figures  of  merit  for  the 
evaluation  were  provided. 

Prior  to  the  test,  four  operators  were  chosen  by  personnel  of  the 
FBI  Laboratory  because  of  their  recognized  expertise  in  explosives 
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and  their  familiarity  with  the  requirements  of  explosives  detection 
in  the  forensic  and  law  enforcement  communities.  Their  observations 
provided  valuable  insight  into  the  state  of  the  art  in  commercial 
explosives  vapor  detectors  which  would  not  have  been  obtained  through 
the  use  of  nonexperts  or  the  manufacturing  representatives. 

Each  manufacturer  was  provided  an  opportunity  to  describe  their 
instrument  to  the  operator  and  to  provide  training  in  its  operation. 
As  part  of  this  training  phase  pure  explosive  compounds  and  the 
actual  test  explosives  were  sampled.  Forms  detailing  the  instrument 
model  and  serial  number,  operation  within  specifications,  and 
satisfaction  with  the  operator  were  completed  by  the  manufacturing 
representatives.  Following  the  training  and  on  subsequent  days  the 
instruments  were  secured  in  locked  laboratory  space  until  the 
following  day. 

The  actual  search  problems  were  done  in  teams.  The  search  teams 
consisted  of  the  trained  operator,  who  made  the  decision  as  to  a 
positive  detector  response;  a  scorer/ observer,  who  recorded  the 
results;  and  the  manufacturing  representative (s)  who  functioned  as 
a  witness.  The  tests  were  conducted  in  the  blind  mode  so  that  none 
of  these  individuals  had  any  knowledge  of  the  explosives  or  their 
location.  Simultaneous  tests  were  conducted  and  the  teams  rotated. 

Observers  from  over  40  U.S.  Government  and  foreign  agencies 
attending  the  test  were  segregated  from  the  testing  areas  but  had  the 
opportunity  to  observe  each  instrument  in  the  various  phases  of  the 
evaluation.  The  manufacturers,  the  trained  operators,  and  the 
observers  were  invited  to  provide  written  comments  following  the 
evaluation  for  inclusion  in  the  final  report. 

XIX.  DETECTORS  EVALUATED 

Four  detector  manufacturers  volunteered  to  participate  in  the 
evaluation.  Table  1  provides  a  comparison  of  the  various  operating 
characteristics  of  each  detector.  A  brief  operational  description 
of  each  is  provided. 

Grasesbv  PD-5;  The  Graseby  PD-5  i  *  t\  '■  only  ion  mobility 
spectrometer  (IMS) -based  portable  explosi  ~  detector  commercially 
available.  This  rechargeable,  battery-oper  ted  detector  is  totally 
self-contained  and  requires  no  replenishing  of  carrier  gas  supply. 
After  2  minutes  of  warm-up  and  automatic  calibration  the  instrument 
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operates  in  a  continuous  sampling  mode  with  a  3-second  response  time. 
Two  to  3  sampling  intervals  were  used  for  each  test  item. 

In  operation,  outside  air  is  drawn  in  through  a  hand-held  probe, 
by  a  pump  contained  within  the  briefcase  unit.  Air  and  explosives 
molecules  diffuse  through  a  membrane  into  a  chamber  where  a  sealed 
“Ni  radioactive  source  ionizes  the  sample.  Under  the  influence  of 
an  electrical  field  20  millisecond  bursts  of  ions  drift  toward  the 
collector  electrode.  The  larger  and  heavier  explosive  molecules 
drift  more  slowly  than  the  air  molecules.  The  microprocessor  system 
recognizes  these  peaks  at  specific  points  in  time  and  triggers  an 
adjustable  audible  alarm.  A  digital  display  indicates  the  relative 
concentration  of  the  explosive  being  detected. 

Ion  Track  Instruments  Model  97:  The  Ion  Track  Instrument  (ITI) 
Model  97  is  a  dual  gas  chromatograph/electron  capture-based  detector. 
This  portable  detector  is  supplied  with  a  rechargeable  battery  pack. 
Argon  carrier  gas  is  supplied  from  a  4  ft3  refillable  gas  tank. 
After  approximately  15  minutes  of  warm-up  time  this  detector  operates 
in  the  continuous  mode  with  a  2-10  second  response  time. 

Suspect  vapor  is  drawn  into  the  instrument  through  a  membrane 
which  isolates  it  from  ambient  air.  The  vapor  is  mixed  with  Argon, 
an  inert  carrier  gas,  and  fed  down  both  columns.  One  of  the  columns 
is  coated  with  a  chromatographic  support  which  retards  the  progress 
of  explosives  molecules.  Each  column  terminates  in  an  electron 
capture  detector  (ECU) . 

If  electronegative  molecules,  such  as  explosives  are  present  they 
reduce  the  standing  current  in  the  ECU  and  trigger  an  alarm.  The 
relative  strength  of  the  signal  is  displayed  on  a  pseudo  logarithmic 
bar  graph  display.  The  timing  sequence  of  the  signals  from  the  twin 
ECDs  discriminates  between  explosive  vapors  and  those  produced  by 
similar  nonexplosive  substances. 

Scintrex  EVD-1:  The  Scintrex  EVD-l  is  a  2-component  system 
consisting  of  a  battery-powered,  hand-held  sampling  unit  and  an 
analyzing  unit  which  can  be  AC  or  battery  operated.  This  analyzer 
unit  consists  of  a  desorber,  chromatographic  column  and  an  ECD  with 
a  response  time  of  1.5  minutes. 

The  sampling  unit  consists  of  a  battery-operated  metering  pump 
which  draws  air  through  a  7-cra  quartz  collection  tube  containing 
Tenax  adsorbent  at  600-800  ml/min  for  a  preset  time  of  15  seconds. 


The  sample  collection  tube  (containing  the  adsorbed  vapor)  is 
placed  in  the  desorber  portion  of  the  analyzer.  The  tube  is  heated 
and  purged  with  pure  carrier  gas.  The  vapor  sample  then  enters  the 
analyzer  unit  into  a  secondary  adsorber,  then  to  the  chromatographic 
column  and  finally  into  the  ECD.  The  electronic  section  of  the 
detector  monitors  the  standing  current  in  the  ECD.  A  microprocessor 
software  algorithm  decides  whether  there  is  a  signal  within  preset 
retention  time  windows  corresponding  to  an  explosive.  The  results 
are  then  sent  to  a  digital  LCD  display. 

Sentex  Sensing  Technology  Scanex  Jr, :  The  Sentex  Scanex  Jr. 
manufactured  by  Sentex  Sensing  Technology  is  also  sold  under  an 
exclusive  license  as  the  XI!)  Corporation  Model  T~54 .  This  portable 
detector  consists  of  a  preconcentrator,,  a  gas  chromatograph,  an 
electron  capture  detector,  and  a  rechargeable  battery  pack.  Helium 
carrier  gas  is  supplied  from  a  refillable  gas  tank.  Following  20 
minutes  of  warm-up  time  the  detector  operates  in  the  batch  mode  with 
an  8  to  20  second  response. 

The  hand-held  sampling  probe  is  push  button  activated,  drawing 
air  into  the  unit  as  long  as  the  button  is  depressed.  According  to 
the  manufacturer  the  sampling  pump  should  be  activated  between  each 
ite.m  to  clear  any  remaining  material  and  to  reestablish  baseline 
operation.  The  sampling  probe  is  connected  to  the  briefcase  unit  by 
a  1  meter  heated  teflon  tube. 

An  adsorbent:  material  coated  on  a  coiled  platinum  wire  collects 
the  explosive  vapors  if  present.  The  platinum  wire  is  then  heated 
and  the  vapors  desorbed  onto  a  chromatographic  column  where 
seperation  takes  place.  The  sample  then  passes  into  a  tritium  foil 
ECD.  The  microprocessor  decides  whether  there  is  a  signal  within 
a  preset  retention  time  window  and  triggers  an  audible  alarm  and  an 
LED  bar  display. 
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XV.  STANDARDS,  TEST  EXPLOSIVES  AND  INTERFBRANT  RESULTS 

Pure  Explosive  Compounds:  Samples  of  laboratory  reference 
explosives  listed  in  Table  2  were  sampled  in  near  contact  by  each 
detector.  It  is  quite  clear  from  this  data  that  the  detectors 
evaluated  respond  to  the  higher  vapor  pressure  NG  and  2,6  DNT  without 
any  difficulty.  In  general,  and  as  expected,  the  lower  vapor 
pressure  pure  explosives  (TNT,  RDX  and  PETN)  provide  an  increasing 
challenge  to  these  detectors. 

The  response  of  the  Sentex/XID  detector  to  pure  PETN  and  RDX  is 
unique  and  deserves  a  brief  discussion.  It  has  been  demonstrated  at 
Sandia  National  Laboratories  that  explosive  vapors  will  adsorb  on  any 
surface.  There  is  a  rank-order  of  preferential  adsorption  by  the 
various  explosive  compounds.  In  simple  terms  this  means  that  EGDN 
or  NG  adsorbed  on  surfaces  can  be  preferentially  replaced  by  RDX  or 
PETN.  The  released  EGDN  or  NG  reaches  the  detector  and  provides  a 
response.  The  result  is  that  one  falsely  believes  that  the  detector 
is  responding  to  RDX  or  PETN  directly.  Such  behavior  has  been 
observed  experimentally  at  Sandia  on  short  pieces  of  teflon  tubing. 
The  Sentex  Scanex  Jr.  is  equipped  with  1  meter  of  teflon  tubing 
between  the  sample  pump  and  the  briefcase  unit. 


TABLE  2.  Laboratory  Standards  Results 


PURE  COMPOUNDS 

GRASEBY 

SCINTREX 

ITI 

SENTEX 

NG  Tablets 

+ 

+ 

+ 

+ 

Ammonium  Nitrate 

- 

- 

X 

- 

2,6  DNT 

+ 

+ 

+ 

+ 

TNT 

- 

- 

+ 

+ 

PETN 

- 

- 

- 

+ 

RDX 

— 

- 

+ 

Test  Explosives:  Small  pieces  of  each  of  the  test  explosives 
were  sampled  in  near  contact  by  each  detector.  Great  care  was  taken 
to  prevent  cross  contamination  of  the  explosives  or  contamination  of 
the  instruments  or  test  facility  during  this  stage  of  testing.  For 
this  reason  no  Hercules  Unigel  dynamite  was  sensed  in  this  phase  as 
all  detectors  responded  to  NG  tablets.  The  results  of  sampling  the 
test  explosives  are  shown  in  Table  3.  Some  important  points  can  be 
made  by  comparing  the  data  from  Tables  2  and  3. 
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All  instruments  readily  responded  to  the  Hercules  Red  Dot,  a 
double-based  smokeless  powder  which  contains  a  relatively  high 
percentage  of  NG.  No  detectors  responded  to  the  military  explosive 
C-4.  These  responses  were  consistent  with  Table  2. 

Several  noteworthy  differences  can  be  seen  between  Table  2  and 
Table  3.  For  example,  the  Graseby  PD-5  and  the  Scintrex  EVD-1  alarm 
on  military  TNT  is  due  to  the  higher  vapor  pressure  2,6-DNT  impurity 
and  not  the  TNT  itself.  In  addition,  while  all  detectors  responded 
to  the  Dupont  Deta  Sheet  they  failed  to  directly  detect  the  pure 
PETN  with  the  exception  of  the  Sentex  Scanex  Jr.  The  detectors  are 
most  likely  responding  to  a  volatile  component  in  the  formulation. 

The  response  between  the  ammonium  nitrate  and  the  Atlas  7-D 
appear  to  be  inconsistent.  The  ITI  detector  responded  to  the  pure 
ammonium  nitrate  but  failed  to  alarm  on  the  test  explosive.  The 
Scintrex  and  Sentex  detectors  failed  to  respond  to  the  pure  ammonium 
nitrate  but  alarmed  on  the  uncontaminated  Atlas  7-D.  It  should  be 
noted  that  the  Atlas  7-D  also  contains  a  sensitizer,  ethylenediamine 
dinitrate.  However,  without  laboratory  evaluation  of  each  detector 
it  is  difficult  to  determine  if  this  caused  the  detectors  to  alarm. 


TABLE  3.  Test  Explosive  Results 


TEST  SAMPLES 

GRASEBY 

SCINTREX 

ITI 

SENTEX 

Hercules  Red 

+ 

+ 

■f 

+ 

Dot  Smokeless 

Atlas  7-D 

- 

+ 

- 

+ 

TNT 

+ 

+ 

+ 

+ 

C-4 

- 

- 

- 

- 

Dupont  Deta  Sheet 

+ 

+ 

+ 

+ 

(PETN) 

NOTE:  Dynamite  not  tested  to  avoid  contamination. 


Interferant  Results:  Twenty-five  potential  interferants  were 
analyzed  in  a  laboratory  environment.  These  samples  were  chosen 
because  of  their  chemical  composition  and  past  experiences  with 
various  detectors  by  a  number  of  individuals.  Table  4  shows  the 
interferant  results  for  the  detectors. 

Most  notable  is  the  fact  that  the  Scintrex  EVD-1  and  the  Sentex 
Scanex  Jr.  recorded  no  positive  responses  to  any  of  the  interferants 
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chosen.  Both  instruments  operate  on  a  preconcentration  step  which 
involves  adsorption  of  the  explosives  vapors  prior  to  analysis. 
These  volatile  vapors  are  not  adsorbed  or  chromatographic  and 
detection  conditions  are  such  that  these  compounds  do  not  co-elute 
or  alarm  as  explosive  molecules. 

The  2  positive  responses  by  the  Graseby  PD-5  are  easily 
explained.  The  Skoal  Wintergreen  Smokeless  Tobacco  contains  methyl 
salicylate  (the  wintergreen  flavoring) .  This  detector  is  programmed 
to  respond  to  this  chemical  as  this  is  the  same  basis  used  to  check 
for  decontamination  in  chemical  warfare  training  exercises  by  the 
British  military.  The  microprocessor  could  be  reprogrammed  to 
eliminate  this  alarm.  The  response  to  the  diesel  fuel  sample  was, 
as  later  determined  in  laboratory  tests,  due  to  contamination  on  the 
plastic  cap  and  not  the  diesel  fuel  within  the  vial.  The  p-Cresol 
alarm  was  unique  to  the  Graseby  and  unexplainable. 

The  1TI  Model  97  responded  to  the  Coty  Wild  Musk  and  Obsession 
colognes  both  which  contain  musks.  The  chemical  structure  of  musks 
is  similar  to  that  of  TNT.  The  response  to  the  Cepacol  mouthwash 
cannot  be  explained  without  further  laboratory  investigation.  The 
Super  Glue  response  was  due  to  the  fact  that  the  glue  was  still  wet, 
an  unlikely  event  in  real  situations.  The  response  to  the  Skoal 
Wintergreen  Smokeless  Tobacco  is  most  likely  due  to  the  flavoring 
chemicals. 
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Table  4.  Interferant  Results 


GRASEBY  ITI  SCINTREX  SENTEX 


Men 1 s/Women 1 s  Toiletries 

Shield  Deodorant  Soap 
Kiwi  Shoe  Polish  (Black) 

Cepacol  Mouthwash 
Coty  Wild  Musk  Cologne  Spray 
Gilette  Right  Guard  Spray 
Obsession  Cologne 

Household  Chemicals 

PineSol  Cleaner  Disinfectant 
Enoz  Moth  Balls 
Lysol  Spray  Disinfectant 
Raid  Ant  and  Roach  Killer 
Pledge  Dusting/Waxing  Polish 
Super  Glue 

Food  Stuffs 

Chicken  of  Sea  Tuna  (Oil) 

Fisherman's  Net  Sardines 
McCormick  Ground  Cloves 

Smoking  Materials 

Captain  Black  Pipe  Tobacco 
Skoal  Wintergreen  Smokeless  +  + 

Tobacco 

Laboratory  Chemicals 

Perchloroethylene 
Acetone 
Gasoline 
Diesel  Fuel 
Potassium  Chlorate 
Chloroform 
p-Cresol 

Dioctyl  phthalate 


V.  TEST  ITEM  RESULTS 


Package  Results:  Twenty-five  l-fts  sealed,  and  paper-wrapped 
cardboard  boxes  were  used  in  this  test  segment.  These  packages  were 
treated  as  a  typical  law  enforcement  scenario,  the  unidentified 
suspicious  package.  The  operator,  scorer/ observer,  or  manufacturing 
representative  was  not  permitted  to  touch  the  packages.  Sampling  was 
permitted  along  the  taped  edges  of  the  package.  No  penetration  or 
puncturing  of  the  test  item  by  needles  or  probes  was  permitted. 

The  packages  were  placed  in  a  sample  grid  within  a  250-seat 
auditorium.  Great  care  was  taken  to  surround  the  package  containing 
the  1/4  stick  of  dynamite  with  blank  boxes.  This  proved  useful  as 
in  less  than  1  hour  it  was  not  possible  to  approach  this  package 
without  alarming  the  Graseby  PD-5  detector.  The  packages  were  moved 
outdoors  to  avoid  contaminating  the  test  facility  or  the  other 
packages . 

The  package  test  consisted  of  10  blanks  boxes,  6  explosives,  and 
9  interf erants .  The  interferants  chosen  from  Table  4  were 
perchloroethylene,  Coty  Musk  Perfume,  Kiwi  Shoe  Polish,  mixed  tobacco 
products  and  moth  balls.  Results  of  the  test  for  the  explosive 
containing  packages  are  shown  in  Table  E  for  the  Graseby  PD-5,  the 
ITI  Model  97  and  the  Scintrex  EYD-1.  The  Sentex  Scanex  Jr.  which 
failed  to  operate  correctly  was  withdrawn  from  the  evaluation. 

The  only  explosive  detected  by  all  the  decectors  was  dynamite  in 
package  number  C8.  Only  the  ITI  Model  97  responded  to  the  package 
containing  TNT.  All  other  explosives  were  undetected.  The  Graseby 
PD-5  provided  the  only  positive  response  to  a  blank  or  an  interferant 
package.  The  Graseby  response  to  package  number  G8  is  unexplained. 


TABLE  4.  Package  Results 


ITEM 

CONTENTS 

GRASEBY 

ITI 

SCINTREX 

A14 

PETN  Sheet 

_ 

— 

— 

C8 

Dynamite 

+ 

+ 

+ 

El 

C-4 

- 

- 

E14 

Atlas  7D  Emulsion 

- 

- 

H14 

Smokeless  Powder 

- 

- 

- 

Jll 

TNT 

+ 
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Briefcase  Results:  Twenty-five  new  molded  plastic  briefcases 
were  used  in  the  examination.  Seven  briefcases  contained  explosives, 
while  8  contained  interferants  and  10  were  empty  or  blanks.  The 
briefcases  were  placed  at  least  8  feet  apart  in  the  3rd-floor  hallway 
of  the  test  facility. 

This  test  involved  2  examinations,  the  first  being  a  sampling 
of  the  briefcase  along  the  metal-lined  edges,  locks  and  hinges. 
This  search  procedure  would  be  typical  of  a  suspiciously  placed 
briefcase.  To  simulate  a  physical  security  scenario,  the  second 
sampling  involved  "burping"  the  briefcase  by  the  scorer/observer  in 
order  to  release  trapped  air  from  the  briefcase.  This  procedure  was 
included  at  the  request  of  some  of  the  manufacturing  representatives. 

The  results  of  the  briefcase  test  are  shown  in  Table  6.  The 
Graseby  PD-5  correctly  alarmed  on  the  Hercules  Red  Dot  smokeless 
powder  and  the  2  dynamite  briefcases.  A  positive  response  was 
recorded  for  the  Skoal  Wintergreen  Smokeless  Tobacco.  Unexplained 
responses  to  Musk  and  Pledge  were  recorded. 

The  ITI  Model  97  correctly  located  the  TNT  and  the  2  dynamite 
briefcases.  '  Positive  responses  were  recorded  for  3  interferant 
briefcases  1  with  Skoal  Tobacco  and  2  containing  Coty  Musk  Perfume. 
These  responses  are  consistent  with  the  interferant  study  results. 
A  positive  response  was  also  recorded  to  a  blank  briefcase. 

The  Scintrex  EVD-1  correctly  located  the  TNT,  smokeless  powder, 
2  dynamites,  and  the  Atlas  7-D  briefcases  without  the  need  for 
"burping."  No  positive  responses  to  blanks  or  interferants  were 
recorded . 


TABLE  5.  Briefcase  Results 


ITEM 

CONTENTS 

GRASEBY 

ITI 

SCINTREX 

3 

TNT 

M 

+ 

+ 

7 

Smokeless  Powder 

+3 

- 

+ 

11 

PETN  Sheet 

- 

+/- 

- 

13 

Dynamite 

+ 

+ 

+ 

16 

Atlas  7-D  Emulsion 

- 

- 

+ 

20 

Dynamite 

+ 

+ 

+ 

23 

C-4 

• 

— 

Note:  (+)  denotes  positive  response  without  burping;  (-)  denotes 
negative  responses;  (+B)  denotes  positive  response  on  burping  only; 
(+/”)  denotes  positive  response  without  burping  and  negative  response 
on  burping. 
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Luaaaae  Results:  An  assortment  of  10  pieces  of  luggage  of 
various  types  (soft  sided,  carry  on,  etc)  filled  with  clothing  were 
sampled.  One  item,  a  soft-sided  zippered,  bag  contained  dynamite. 
The  Graseby  PD-5,  ITI  Model  97  and  the  Scintrex  EVD-1  correctly 
identified  the  bag.  No  other  alarms  were  recorded. 

VI.  Practical  Search  Exercise  Results 

The  practical  search  problems  were  set  up  in  the  FBI  Hogan's 
Alley  training  complex  located  at  the  FBI  Academy.  This  multiuse 
facility  was  designed  to  provide  a  realistic  environment  for  law 
enforcement  training  exercises.  It  also  houses  office  space  and 
additional  Academy-related  services. 

The  search  problems  were  set  up  to  evaluate  the  capability  of 
each  detector  in  routine  physical  search  scenarios.  This  test  was 
designed  not  to  evaluate  the  operator/detector  combination  but  the 
detector  itself.  Each  item  or  area  to  be  searched  was  clearly 
labeled  with  a  3x5  card  as  to  where  and  what  was  to  be  searched.  For 
example,  if  a  desk  drawer  was  to  be  searched  it  would  already  be 
partially  open  (1/4  inch)  and  clearly  labelled  as  to  search  along  the 
open  edge.  No  test  area  could  be  opened,  moved,  or  otherwise 
disturbed  by  the  search  team.  This  directed  search  eliminated  the 
operators'  ability  to  conduct  a  thorough  search  as  an  uncontrolled 
experimental  variable  and  ensured  an  equal  opportunity  for  all 
detectors  to  respond  to  the  hidden  explosives.  The  Sentex  Scanex  Jr. 
was  voluntarily  withdrawn  from  these  searches  by  the  manufacturer  due 
to  instrument  failure  the  previous  day. 

Post  Office;  This  search  scenario  centered  around  a  typical 
small  town  post  office.  A  service  window  and  locked  mail  boxes  were 
located  here.  The  purpose  of  this  scenario  was  to  simulate  a  search 
of  mail.  A  letter,  a  raanila  envelope,  and  a  package  addressed  to  the 
test  coordinators  were  individ-  !'y  searched.  A  standard  exterior 
mail  box  was  also  searched. 

The  manila  envelope  com..-,'  -.ed  PETN  sheet  explosive.  The 
Graseby  PD-5,  the  ITI  rto^el  97  and  the  Scintrex  EVD-1  failed  to 
locate  the  PETN  explos."  /e.  It  is  of  interest  to  note  that  all  3  of 
these  detectors  responded  to  t  *e  PETN  test  explosive  in  Table  3 ,  when 
in  near  contact  with  the  •  le.  No  false  alarms  were  recorded  by 
the  detectors  on  the  othe  ■„  -t  items. 
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Telephone  Booth:  A  suspicious  black  gym  bag  was  left  in  a 
sidewalk-style  telephone  booth  outside  of  the  bank.  A  porous  brown 
paper  lunch  bag  containing  Hercules  Red  Dot  double-based  smokeless 
powder  was  placed  on  top  of  the  clothes  in  the  gym  bag.  For  safety 
reasons  the  powder  was  not  placed  in  a  metal  pipe  as  would  be  the 
typical  case  if  an  improvised  explosive  device  was  used.  Ho  detector 
responses  were  recorded.  It  should  be  noted  that  all  3  detectors 
responded  to  the  test  explosive  when  in  near  contact  with  the  sample. 
Mo  false  alarms  were  recorded  in  the  area. 

Automobile  No.  1  Exterior  Search:  A  late  model  Chevrolet  sedan  was 
searched  from  the  exterior.  Such  a  search  might  be  undertaken  of 
vehicles  entering  a  secure  facility.  Only  selected  areas  of  the 
automobile  were  searched.  Two  wheel  wells,  cracks  of  the  hood, 
trunk,  and  passenger  side  front  door  were  searched.  An  interior  air 
sample  was  taken  through  the  partially  open  drivers'  window.  A 
quarter  (1/4)  stick  of  Hercules  Unigel  Dynamite  was  placed  in  the 
trunk  on  top  of  the  spare  tire. 

The  Graseby  PD-5  and  the  ITI  Model  97  correctly  responded  to  the 
dynamite  while  searching  along  the  crack  of  the  trunk  after  about  1 
hour  soak  time.  No  other  alarms  were  recorded  by  these  2  detectors. 
The  Scintrex  EVD-1  performed  this  analysis  in  the  afternoon  and  also 
correctly  resuorded  to  the  dynamite  in  the  trunk.  The  only  other 
positive  response  was  recorded  in  the  afternoon  by  the  EVD-1  on  the 
interior  air  sample.  This  is  most  likely  due  to  explosives  vapors 
penetrating  the  rear  seat  or  through  the  speaker  area  due  to  the 
longer  soak  time. 

Automobile  No.  2  Interior  Search:  The  interior  of  a  late  model 
Lincoln  Towncar  was  searched.  Samples  from  inside  the  trunk,  glove 
box,  under  the  passenger  and  drivers'  seat  and  the  interior  air  were 
obtained.  One-sixth  pound  of  TNT  was  placed  under  the  driver's  seat. 

The  Graseby  PD-5  and  the  ITI  Model  97  correctly  responded  to  the 
presence  of  the  TNT  under  the  driver's  seat.  An  unexplained 
intermittent  alarm  was  recorded  in  the  trunk  near  che  right  rear 
speaker  and  in  the  glove  box  by  the  ITI  detector.  The  Graseby  PD-5 
also  alarmed  under  the  passenger  seat.  No  alarms  were  recorded  by 
the  Scintrex  EVD-1.  This  was  atypical  of  the  performance  of  this 
instrument  in  other  portions  of  the  evoluation  where  it  successfully 
located  TNT. 
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Motel  Room  117  Search:  This  standard  single  occupant  motel 
room  was  labeled  with  3x5  cards  at  six  locations.  Based  upon  our 
experience  the  previous  day  with  dynamite  vapors,  only  a  small  piece 
of  dynamite  wrapper  was  used.  A  2x2-inch  piece  of  dynamite  wrapper 
was  placed  inside  a  styrofoam  coffee  cup  in  an  office  size  garbage 
can.  The  lid  was  placed  on  the  cup  with  the  tear  back  drinking  hole 
exposed.  The  garbage  can  was  partially  filled  with  trash  (soda  cans, 
snack  food  bags,  etc.).  The  cup  was  placed  near  the  top  of  the 
garbage  can  being  partially  covered  by  a  snack  food  bag. 

Both  the  ITI  Model  97  and  the  Scintrex  EVD-1  correctly  located 
the  dynamite  wrapper  in  the  garbage  can.  The  Graseby  PD~5  alarmed 
on  room  air  upon  entering  the  room  but  failed  to  alarm  on  the 
dynamite  wrapper  in  the  garbage  can.  The  Graseby  alarm  on  the  desk 
drawer  is  inconsistent  with  its  response  in  other  empty  desk  drawers. 
The  alarms  by  the  Graseby  PD-5  and  the  Scintrex  EVD-1  on  a  clock  on 
one  of  the  tables  are  unexplainable. 

Motel  Room  118  Search:  An  identical  adjoining  room  was  sampled 
in  six  locations  including  desk  drawers,  a  night  stand,  under  the  bed 
and  a  chair  cushion.  One  desk  drawer  contained  1/4  pound  of  C-4 
explosive.  The  desk  drawer  was  partially  open.  This  explosive  was 
not  detected  by  any  of  the  detectors  in  this  scenario.  This  is 
consistent  with  each  detector's  failure  to  detect  the  C-4  explosive 
itself.  No  other  positive  responses  were  recorded  in  this  room. 

Motel  Room  125  Search:  Motel  Rooms  125  and  126  were  prepared 
in  such  a  manner  as  to  simulate  an  overnight  guest-  The  shower  was 
run  for  a  few  minutes  and  the  toilet  flushed  and  deodorized.  The 
room  preparer  shaved,  brushed  his  teeth,  gargled  with  a  mouthwash  and 
used  an  underarm  deodorant.  Several  bursts  of  a  room  deodorizer  were 
sprayed  into  the  room.  Windows  within  the  motel  rooms  were  also 
cleaned  with  Windex. 

Hercules  Red  Dot  smokeless  powder  in  an  open  ziplock  bag  was 
placed  in  a  dresser  drawer.  For  safety  reasons  the  powder  was  not 
placed  in  a  pipe  as  would  have  been  the  case  if  an  improvised 
explosive  devise  were  present.  No  detector  responded  to  the 
smokeless  powder  in  the  drawer.  No  other  alarms  were  recorded  to 
searches  of  a  different  drawer,  the  sink  or  toilet  area. 
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Motel  Room  126  Search:  This  adjoining  room  was  prepared  in  an 
identical  fashion  to  Room  125.  There  was  no  explosive  material 
located  in  this  room. 

One  dresser  drawer  contained  a  small  amount  of  Skoal  Wintergreen 
Smokeless  Tobacco.  The  Graseby  PD-5  alarmed  on  this  drawer.  This 
alarm  is  consistent  with  previous  exposure  (Table  4)  to  Skoal 
Wintergreen  Smokeless  Tobacco  during  the  interferant  test.  The 
Scintrex  alarms  on  the  tobacco  drawer  and  a  heater  vent  are 
unexplained. 

The  ITI  Model  97  alarm  under  the  bed  was  also  unexplained. 

The  ITI  also  failed  to  alarm  on  the  Skoal  Wintergreen  Smokeless 
Tobacco  as  it  had  during  the  interferant  test. 

Townhouse  Search:  The  living  room,  kitchen,  and  a  second  floor 
office  of  a  3-story  townhouse  were  searched.  A  piece  of  dynamite 
wrapper  (approximately  2Hx  3")  was  placed  under  one  of  the  sofas  in 
the  living  room.  No  explosives  were  placed  in  the  kitchen.  A  one 
pound  stick  of  Atlas  7-D  emulsion  was  placed  in  a  desk  drawer  in  the 
office. 

All  three ’detectors  correctly  located  the  dynamite  wrapper  under 
the  sofa  in  the  living  room.  The  Graseby  detector  produced  no  other 
alarms  in  this  room.  Intermittent  and  unexplained  alarms  were 
observed  on  a  second  sofa  by  the  ITI  Model  97  detector.  The  Scintrex 
EVD-1  also  alarmed  on  the  room  air  and  near  a  table  drawer  holding 
a  video  cassette  recorder.  These  alarms  on  air  samples  are 
consistent  with  this  detectors  response  when  sampling  air  in  the 
areas  where  dynamite  or  dynamite  wrappers  were  located. 

No  explosives  were  located  in  the  kitchen.  Recent  plastering 
in  the  kitchen  produced  an  unexpected  background  odor  which  did  not 
interfere  with  the  operation  of  any  of  the  detectors.  Samples  were 
obtained  under  a  sink  which  had  household  chemicals  stored  there, 
behind  a  washing  machine,  in  a  china  cabinet,  and  room  air.  The  only 
alarm  recorded  in  the  kitchen  was  the  Graseby  PD-5  alarm  in  an  old 
unused  refrigerator.  This  alarm  is  unexplained. 

A  stick  of  Atlas  7-D  was  placed  in  the  desk  drawer  in  the  second 
floor  office.  No  detector  located  this  explosive.  No  other  alarms 
were  recorded  on  the  file  cabinet,  a  trunk,  under  a  chair  or  from  the 
air  sample. 
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VXI.  SUMMARY 

This  evaluation  was  designed  to  examine  the  commercially 
available  explosives  vapor  detectors  in  operational  scenarios.  The 
scenarios  chosen  were  typical  of  those  encountered  by  law  enforcement 
and  security  personnel.  No  specific  conclusions  or  recommendations 
are  made.  The  readers  must  judge  the  data  with  respect  to  their  own 
specific  operational  requirements.  Several  general  conclusions  are 
apparent  from  the  data. 

The  2  electron  capture  detectors,  the  ITI  Model  97  and  Scintrex 
EVD-1  and  the  ion  mobility  based  Graseby  PD-5  detector  completed  the 
entire  evaluation  without  experiencing  instrumental  failure.  In 
general,  these  detectors  readily  and  reliably  detected  the  higher 
vapor  pressure  ethyleneglycol  dinitrate  (EGDN)  and  nitroglycerine 
(NG)  containing  explosives  in  the  test  items  (packages,  briefcases, 
suitcases)  and  the  area  searches  in  Hogan’s  Alley.  In  fact,  only 
a  small  amount  of  residual  particulate  matter  or  a  piece  of  wrapper 
from  the  dynamite  was  necessary  for  detection.  Military  TNT 
containing  the  more  volatile  DNT  component  was  also  detectable  in 
some  cases. 

The  lower  vapor  pressure  inorganic  explosives  (water 
gel/slurries  and  emulsions)  such  as  Atlas  7-D  and  the  organic  (PETN 
and  RDX)  plastic  explosives  such  as  PETN  Deta  Sheet  and  C-4  were 
undetected  in  the  various  area  search  scenarios  even  though  the 
detectors  were  directed  to  search  specific  areas.  It  should  be  noted 
that  both  of  the  inorganic  explosives  are  widely  used  commercially 
in  the  United  States.  PETN  and  RDX -based  explosives  are  commonly 
used  by  militarys  throughout  the  world.  It  should  be  pointed  out 
that  these  explosives  were  obtained  from  "sterile"  sources  and  not 
exposed  to  contamination  from  the  nitrated  esters  EGDN  and  NG. 

Over  the  last  10  years  or  so  there  appears  to  have  been  a 
general  improvement  in  sensitivity  of  the  commercial  detectors  toward 
NG,  EGDN  and  TNT.  The  challenge  still  remains  to  find  a  small 
portable  hand-held  detector  able  to  reliably  detect  the  inorganic  and 
plastic  explosives  in  operational  scenarios. 

To  meet  this  important  challenge,  it  will  be  necessary  for 
explosives  manufacturers,  instrument  companies,  forensic  scientists 
and  law  enforcement  personnel  to  work  together. 
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AXtPOXT  TESTS  OP  PIDERAL  AVIATION  ADMINISTIATIOW 
THXXNAL  NIUTION  ACTIVATION  EXFLOSIVI  DETECTION  SYSTEMS 


Chris  C.  Sehcc 

Department  of  Transportation 

Federal  Aviation  Ad Ministration  Technical  Center 

Atlantic  City  Airport,  NJ  08405  -  USA 

ABSTtACT 

A  ay* tea  for  detecting  explosive*  in  airline  passenger  baggage 
or  cargo  has  been  developed  and  tested  by  the  Federal  Aviation 
Administration  (PAA)  tinder  a  contract  with  Science  Applications 
International  Corporation  (SAIC)  located  in  Santa  Clara,  California, 
baggage  or  cargo  is  moved  on  a  conveyor  into  a  region  of  neutron 
radiation.  The  neutrons  easily  penetrate  the  luggage  and  cargo,  where 
some  are  sbeorbed  by  atoms,  which  emit  elementally  distinctive  gamma 
raye.  Thus  by  monitoring  the  high  energy  gamma  rays  that  eecape  the 
luggage  with  detectors  placed  in  e  ring  around  the  inspection  cavity, 
one  can  determine  the  composition  of  the  luggage  contents.  Nitrogen  la 
found  in  many  materials,  but  only  explosives  have  relatively  high 
concentrations  thus  sllovlng  the  nitrogsn  concentrstion  and  distribution 
in  a  bag  to  be  the  primary  signature  used  by  the  completely  automated 
thermal  neutron  activation  (OTA)  system  to  make  s  decision  on  whether 
an  exploelve  is  present. 

In  parallel,  but  independent  of  the  OTA  stand-alone  testing,  an 
X-ray  machine  wae  used  to  inspect  the  suspicious  bags  (sa  determined  by 
the  OTA  technique),  and  the  X-ray  image  wee  correlated  with  the  three 
dimensional  nitrogen  density  distribution  from  the  OTA  system  to  yield 
an  improved  automated  decision.  The  results  of  comprehensive  airport 
testing  of  the  X-ray  Knhenced  Neutron  Interrogation  System  (XXXXS)  end 
tba  OTA  system  performed  during  1987-88  are  summarised 
1.  IKTtOPUCTION 

A  system  for  detecting  commercial  and  military  type  explosives 
in  airline  passenger  baggage  and  in  Individual  air  eargo  parcels  baa 
bean  developed  by  the  Paderel  Aviation  Administration  (PAA)  under  a 
contract  with  Science  Applications  International  Corporation  (SAIC)  in 
Santa  Clara,  California.  The  PAA  operational  requirements  for  any 
explosive  detection  system  (SDS)  dictate  that  several  pounds  of 
commercial  type  explosives  such  ss  dynamites,  water gels,  slurries,  and 
emulsions  as  well  sa  military  C-4  and  plastic  sheet  type  BDX/PtTN 
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(8emtex)  baaed  explosives  be  detected  with  a  greeter  than  95  parcant 
probability  with  lose  than  a  1  parcant  or  2  parcant  probability  of  falaa 
alar*,  Tha  performance  probabilities  Bust  be  achieved  while  processing 
at  least  10  pieces  of  luggage  a  minute  using  a  technique  that  is 
Independent  of  explosive  shape.  In  addition  an  EDS  Bust:  cause  no 
daaage  to  inspected  Iteas;  be  non-hatardous  to  passengers,  operators; 
and  tha  envlronaent;  be  reliable,  easily  maintainable,  and  operable  by 
relatively  unskilled  personnel;  cause  no  unwarranted  financial  burden  on 
airlines,  airport  operators,  or  passengers;  and  coamansureta  with  all 
other  requirements  it  should  occupy  the  enalleet  volume  of  apace  and 
have  the  lightest  weight  possible. 

The  FAA  hae  developed  and  tasted  tvo  thermal  neutron  activation 
(TWA)  EDS.  One  system  usee  a  Californium  252  radioisotope  as  a  source 
of  neutrons  with  an  energy  spectrum  from  ntit  aero  to  10  million 
electron  volts,  10  WsV.  Tha  second  prototype  tailed  the  DZ>  EDS  usee  an 
accelerator  to  bombard  deuterium,  absorbed  in  a  scandium  target,  vlth 
deuterium  lone  of  sufficient  energy  to  cause  nuclear  fusion  which 
produces  neutrons  of  e  nearly  constant  energy  of  2.5-3  MeV  with  a  peak 
neutron  intensity  of  5  x  10®  n/aec.  Doth  ayateme  have  performed  equally 
well  in  terms  of  datectlon/fslsa  alarm  probability.  The  advantage  of 
the  accelerator  la  that  radiation  is  producsd  only  whan  the  eccalerator 
is  turned  on  end  not  having  tha  highar  energy  spectrum  reduces  the 
radiation  shielding  required  for  the  system.  The  main  disadvantage  of 
the  DD  system  is  that  the  accelerator  is  a  complex  and  costly  device 
that  requires  much  more  service  and  maintenance  then  a  Californium 
source.  Fast  neutrons  from  either  source  are  slowed  down  " therms lixed" 
by  hydrogenous  moderating  material  that  make  up  the  walls  of  the 
Integrating  cavity  to  create  a  cloud  of  lov-tut-rr  neutrons.  Tha 
neutrons  diffuse  into  the  luggage  or  cargo  to  be  screened  and  produce 
characteristic  gamma  rays  that  are  promptly  emitted  following  neutron 
capture.  A  detector  array  of  up  to  80,  A"  x  A"  Wax  (TX)  inorganic 
scintillators  arranged  in  C-shaped  rlnga  around  the  neutron  source  in 
aach  system  detect  the  gaaaa-ray  spectra  obtained  from  up  to  a  16"  x 
26"  x  36"  sample  in  the  cavity.  Tha  cross  saetlonal  eras  and  depth  of 
the  detectore  were  optimized  to  trsde-eff  good  spatial  resolution  versus 
high  background  counts. 
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2j  PlgCOTHOf 

Figure  l  is  a  plot  of  the  |i«m  spectrum  obtained  from  a  luggage 
■ample  with  an  explosive  simulant  attached.  It  should  ba  noted  hare 
that  explosives  ilsuluts  vare  made  to  watch  the  response  of  real 
explosives  In  the  TNA  system,  through  "side  by  side"  comparison#  in  the 
lab,  so  as  to  avoid  taking  live  explosives  onto  the  airport.  Simulants 
for  each  of  the  different  typea  of  explosive  threats  vara  node,  and,  in 
particular,  the  sheet  explosive  simulant  vas  made  in  a  thin  sheet,  lach 
elaulant  vas  the  minimum  aaount  of  explosive  considered  to  be  a  threat. 
The  fev  hundred  counts  to  tha  extreae  right  of  the  spectrum  in  Vigors  1 
arise  fro*  nitrogen.  Nitrogen  gasna  rays  are  the  most  energetic  prompt 
gamma  rays  in  nature,  having  an  energy  of  10. S  MeV.  Moot  of  the  rest  of 
tbs  spectrum  arises  froa  shielding  and  other  materials  in  the  suitcase. 
The  dominant  feature  la  tha  2.2  MeV  gaasia  ray  froa  hydrogen.  Weaker 
peaks  are  seen  froa  carbon,  silicon,  alualnua,  Irons,  and  sodium  iodide. 
Above  10  MeV,  only  nitrogen  should  ba  seen,  but  tha  spectrum  shove  vhat 
looks  Ilka  mi  smooth,  high  energy  tail.  This  tail  arises  froa  an 
electronic  artifact  called  plleup  vhich  occurs  vhen  tvo  gamma  rays 
impinge  on  a  detector  et  so  nearly  tha  aaae  tine,  that  the  electronics 
treats  tbsa  as  one  event  and  sums  tha  energies.  Special  electronics 
vara  developed  especially  for  tha  BPS  to  handle  count  rates  an  order  of 
magnitude  greater  than  coasmrelally  available  electronics  could  achieve. 
The  BPS  construction  materials  vara  carefully  selected  to  minimize 
background,  and  corrections  for  tha  remaining  backgrounds  are  applied  to 
each  detector.  A  apectrua  aa  in  figure  1  la  taken  for  each  detector 
every  second,  vhich  represents  about  four  Inches  of  travel  of  the 
inspected  baggage.  The  apactre  are  fad  into  a  MlcroVax  II  computer, 
vhich  uses  the  nitrogen  concentration  and  distribution  in  a  bag  as  tha 
pristary  signature  as  its  basis  for  making  a  completely  automated 
decision  as  to  the  presence  of  explosives.  The  TNA  BPS  are  designed  to 
be  operated  by  a  baggage  handler.  All  analysle,  processing,  and  control 
la  automated.  The  operator  need  merely  atsrt  convsyors,  and  monitor 
tha  exit  alarm  for  tha  possible  presence  of  an  explosive  threat. 

3.  BBgPMjB 

Bxtenalve  laboratory  optimisation  measurements  vers  followed  by 
aa  intensive  peril  of  airporc  tatting  (June  1987  -  March  1988),  vhich 
Included  measurements  vitb  both  the  radioisotopic  and  electronic  neutron 
sources.  Six  separata  airport  teats  to  detect  simulated  bulk  and  sheet 
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and  abaat  explosive  simulants  at  tha  operationally  required  throughput 
rata  ware  performed  at  tha  San  Francisco  and  Los  Angelas  International 
Airports  in  California  on  both  domestic  and  international  baggage  and 
cargo  sets  to  many  different  destinations.  The  results  of  the  tests  are 
summarlisd  in  Table  I. 

TABLE  I 


AIR203Y  TEST  RESULTS  TO*  THE  THA  EXPLOSIVE  DETECT JOH  SYSTEM 
FOB  MORE  THAN  40,000  SCREEHXD  ITEMS 

Itac  Probability  of  Detection  (PDt)  Probability  of  False  Alar*  (PEAK) 


baggage 


$0  -  96 


Cargo 


90  -  95 


The  range  of  PD  and  PPA  Tallies  results  from  variations  in 
performance  due  to  the  content  of  the  luggage  It an*  as  a  function  of  tha 
destination  and  the  aeeaon  of  the  year.  Tha  trade-off  in  PD  we  PEA  to 
match  a  particular  altuatlon  is  programmed  into  the  syatea  decision¬ 
making  proceaa. 

A  disturbing  result  of  the  airport  tests  was  the  large  fraction 
of  items,  particularly  in  the  International  sanple,  that  contained  wore 
than  on#  threat  equivalent  of  nitrogen,  meaning  greater  than  300  grams 
of  nitrogen  (see  Figure  2).  This  illustrated  the  need  to  measure  other 
independent,  distinguishing  features  besides  nitrogen  to  reach  the 
lowest  possible  FFA.  To  achieve  this,  a  large  number  of  dlacrlmlnants 
were  determined,  the  most  significant  of  which  ara  tha  average  dansity 
of  aach  bag,  tha  navtron  flux  attenuation  in  the  bag,  and  tha  apatlal 
distribution  of  nitrogen.  Whenever  trade-off a  wars  required ,  the 
systems  wars  always  optimised  toward  tha  operationally  determined, 
higher  risk  international  baggage  and  plastic  type  sheet  explosive*. 
Figure  3  shows  tha  performance  curve  from  which  system  operating  points 
maybe  aat.  Slightly  more  than  the  minimum  exploaiwe  threat  greatly 
incraasea  detectability  performance.  Conversely,  lesa  of  any  exploslwm 
target  will  reduce  the  eyatem  performance. 

A  second  Independent  program  was  cun  in  parallel  with  tha 
development  of  tha  THA  IDS.  A  commercially  available  two-view  x-ray 
machine,  with  two  asperate  X-ray  tubas  and  arrays,  was  used  to  Inspect 
the  euspicious  bags  (aa  determined  by  tha  THA  technique).  The  two 
machine e  were  linked  together  with  an  Image  processor  and  separate 
computer,  which  correlated  the  elemental  information  from  the  THA  system 


with  the  density  image  produced  by  the  X-ray  system.  Image  correlation 
and  enhancement  algorithms  were  developed ,  ae  waa  an  aueoaated  dedalon 
aodule.  Thus,  thla  dual  aansor  or,  "XKHI8*  system,  could  take  a  " second 
look”  at  a  auspicious  bag  with  the  X-ray  nachine,  decide  if  an  explosive 
really  could  be  present,  and  identify  the  physical  object  which  had  the 
threatening  signature.  In  operation,  it  waa  set  to  not  lose  any  proper 
detections,  but  to  cut  the  false  alarm  rate  as  aueb  as  possible.  It 
achieved  e  50  percent  reduction  in  false  alar*  rate  with  no  loss  in 
detsetlon  rate.  The  X-rey  images  ware  also  stored  on  an  optical  dlak 
for  latar  use. 

During  the  field  teatlag  of  these  unite,  a  number  of  other 
important  teats  were  done.  All  bags  exiting  the  syetem  ware  nonltored 
for  induced  radiation,  a  measurement  required  by  the  California 
Radiologic  Health  Branch.  Ho  significant  induced  radioactivity  waa 
found.  Two  different  fil*  Makers  and  the  Rational  Bureau  of  Standards 
ran  teata  to  see  if  the  radiation  lewela  would  fog  flla;  none  was 
detected  in  ten  peases  of  the  flla  through  the  system. 

A.  COWCtPSTOHB 

The  two  IDS  TRA  systems  met  or  exceeded  all  of  the  requirements 
specified  by  the  FAA  in  on-line  teste.  In  addition,  the  added  dual 
sensor  approach  of  enhanced  X-ray  inspection  of  TKA  suspect  baggage  waa 
demonstrated  to  be  highly  effective  in  automatically  reducing  and 
finally  resolving  false  positive  signals  fro*  the  TKA  IDS  alone.  Bated 
on  these  resales ,  the  FAA  hss  awardsd  s  follow-on  contract  for  up  to  ten 
operational  prototypes,  to  be  deployed  at  high  risk  international 
airports  for  Government  sponsored  1  year  on-line  operational 
evaluations.  The  first  system  was  lnstallsd  lsst  month  at  JFK 
International  Airport  in  Hew  York.  The  new  systems  have  bean  reduced  In 
sirs  to  an  overall  length  of  about  13  fast,  maximum  width  of  6  fast,  end 
height  of  about  6  fast  as  deplctad  in  Figure  A.  in  addition,  the  add-on 
XKH1S  technique  will  be  used  to  reduce  operational  false  positives, 
the  XXHIS  installation  approximately  doubles  the  length  of  the  overall 
system.  Because  of  the  short-lived  usefulness  of  the  target  and  the 
overall  unreliableness  of  sho  electronic  sources  currantiy  available  for 
the  TXA  application,  the  first  six  prototypes  delivered  through  January, 
1990  will  use  radioactive  sources.  Continued  research  and  development 
is  being  directed  toward  longer-lived,  mors  reliable,  end  advanced 
electron  neutron  aourees.  Specif icelly  an  electrostatic  generator  and  a 
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radio  frequency  quadripole  (IPQ)  linear  accelerator  ayatae  ere  currently 
being  evaluated  for  application  to  TKA  KDS. 

5AIC  baa  received  device  registration  for  the  TKA  system  end  the 
Ihiclear  Kegnlatory  Commission  (NSC)  has  found  no  significant  iiapect  to 
the  environment  for  airport  reap  level  baggage  inspection  use.  The  FAA 
baa  received  a  materials  license  (Number  29-13141-0?)  to  use  TKA 
registered  devices  at  high-risk  United  States  airports.  The  NIC  is 
currently  evaluating  tho  possible  use  of  TKA  syeten  deployment  at  or 
nearby  ticket  counters  In  the  airport  concourse  areas. 

leeearch  end  development  is  needed  and  will  continue  in  the 
areas  of  non-nltrogenous  explosive  detection  and  smaller  and  smeller 
explosive  threat  detection  through  multi-elemental  analysis,  perhaps 
specifically  through  hydrogen-nitrogen  ratios. 

In  additlonf  work  is  underway  to  enhance  or  replace  the  current 
discriminant  analysis  techniques  for  automated  threat  detection,  with 
artificial  neural  networking. 

?.  AClOIOBLKPGBgHTS 

The  cooperation  of  the  host  airlines  end  airports  was 
instrumental  In  the  success  of  these  system  demonstrations.  I  would 
like  to  especially  thank  the  managements  of  Los  Angeles  and  San 
Francisco  International  Airports  and  the  entire  seaffe  of  United,  Trans 
World,  and  Pen  American  Airlines  for  their  cooparntlon  and  support  in 
helping  to  make  eviction  safer  and  more  secure. 
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ABSTRACT 

Results  are  presented  for  the  evaluation  of  the  Oak  Ridge 
National  Lab  (ORHL)  MS/MS  as  an  explosives  detector.  This 
instrument  is  a  beam  instrument  containing  a  quadrupole  and  a  time- 
of~f light  detector  section  (QTOF) .  The  tests  include  a  Limit  of 
Detection  for  the  instrument,  an  interferent  study,  a  test  of 
personnel  sampling  for  explosives,  a  test  involving  mail  sampling, 
and  detection  tests  with  bomb  quantity  explosives. 

mRQPPCTION 

Since  the  vapor  pressures  of  the  explosives  compounds  of 
interest  are  extremely  low  at  room  temperature  and  pressure!, 
greater  and  greater  sensitivities  are  being  required  of  the 
detection  instruments2.  As  a  result,  many  different  instruments 
are  being  investigated  to  determine  their  suitability  as  detection 
instruments.  One  such  instrument  is  the  Mass  Spectrometer/Mass 
Spectrometer  (MS/MS)  unit  developed  at  Oak  Ridge  National  Lab 
(ORNL)  specifically  for  the  detection  of  explosives  in  mail  by 
vapors . 

hSXtSKSSB. 

The  mass  spectrometer/mass  spectrometer  used  in  these  tests 
was  a  special  unit  constructed  for  the  security  section  of 

*  This  work  was  supported  by  the  U.S.  Department  of  Energy  under 
Contract  DE-AC04-76DP00789. 
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ORNL  by  the  mass  spec  section  to  inspect  the  incoming  mail.  The 
unit  is  a  quadrupole/tima-of-f light  (QTOF)  beam  instrument  using  a 
special  atmospheric  sampling  glow  discharge  ionizer  (AS6DI) 
developed  by  ORNL.  The  unit  is  large  measuring  2.23  meters  long  by 
0.8  meters  wide  by  1.88  meters  tall. 

The  unit  comes  with  a  remote  sampler  which  is  a  quartz  tube 
with  a  quartz  wool  plug.  The  sampling  tube  measures  10  mm  OD  by 
8  mm  ID  by  15.3  cm  long  and  the  loosely  packed  quartz  wool  measures 
approximately  4  cm.  This  sampler  is  used  to  collect  sample  by 
preconcentration  before  analysis.  The  precor.centrator  with  its 
sample  is  inserted  into  the  heated  inlet  where  the  explosives 
sample  is  desorbed  into  the  glow  discharge  ionizer. 

A  Thermedics  Inc.  Vapor  Generator  was  used  as  the  standard 
RDX  vapor  source  for  establishing  the  Limit  Of  Detection  of  the 
unit. 

OVERVIEW  OF  THE  M8/M8  APPROACH  TO  EXPLOSIVES  DETECTION 

What  follows  is  an  overview  of  the  approach  to  explosives 
detection  taken  with  the  ORNL  quadrupole/time-of-flight  instrument 
fitted  with  an  atmospheric  sampling  glow  discharge  ionization 
source.  Thi3  instrument  is  referred  to  herein  as  a  beam-type 
instrument  wherein  ions  that  exit  the  ion  source  traverse  the 
instrument  in  a  beam.  The  overall  approach  to  explosives  detection 
is  illustrated  schematically  in  Figure  1  which  indicates  an  ion 
source  and  two  mass  analyzers  in  sequence.  Initially,  nir 
containing  explosives  molecules  is  drawn  into  the  ion  source  where 
some  of  the  explosives  molecules  are  converted  to  negative  ions  by 
one  of  several  mechanisms.  Unlike  the  majority  of  compounds  in 
nature,  the  molecules  of  organic  high  explosives  readily  form 
stable  negative  ions.  Analyzing  the  negative  ions  that  issue  from 
the  ion  source  therefore  provides  an  important  degree  of 
discrimination  against  most  of  the  species  that  are  present  in  air 
in  much  higher  numbers  than  the  explosives.  The  negative  ions  that 
exit  the  ion  source  pass  through  two  stages  of  mass  analysis. 

There  are  several  possible  modes  of  operation  of  the  tandem  mass 
spectrometer  which  are  discussed  below.  The  mode  indicated  in 
Figure  1  shows  the  most  common  form  of  MS/MS  whereby  anions  formed 
in  the  ion  source  are  mass-selected  by  a  first  stage  mass  analyzer 
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and  are  subjected  to  collisions  with  a  gas  admitted  into  a  region 
between  the  mass  analyzers  as  discussed  in  Appendix  A.  The  anions 
that  pass  through  the  first  stage  of  mass  analysis  are  referred  to 
as  the  parent  ions  and  the  region  where  the  target  gas  is  admitted 
is  referred  to  as  the  collision  region.  The  anions  that  issue  from 
the  collision  region  are  then  mass  analyzed  by  a  second  stage  of 
mass  analysis.  These  ions  typically  include  both  parent  ions  that 
either  did  not  fragment  after  collision  or  did  not  undergo  a 
collision  and  fragment  ions  or  so-called  daughter  ions  that  result 
from  coll is ion- induced  dissociation.  This  overall  procedure 
provides  very  high  specificity  since  a  positive  indication  for  an 
explosive  requires  the  formation  of  negatively  charged  parent  ions, 
parent  ions  with  mass/charge  (ra/z)  ratios  corresponding  to  those 
known  to  be  formed  from  explosives,  and  daughter  ions  of 
characteristic  m/z  values. 

MATERIALS 

Military  grade  04,  pure  RDX,  military  grade  TNT,  Pure  TNT, 
Detasheet  C,  PrimaCord,  PBX  9404  pellets,  flake  TNT,  pistol  powder, 
rifle  powder,  black  powder,  and  "old"  40%  dynamite  were  available 
at  Sandia. 

Eastman  cyclohexanone  was  used  as  the  simulant  C-4  solvent. 

The  interferents  used  were  diesel  fuel,  "Skoal"  smokeless 
tobacco,  "Coty  Musk  for  Men"  cologne,  "Kiwi"  ehoe  polish,  banana 
skin,  and  Fisher  Certified  A.C.S.  Methylene  Chloride  and  Methanol. 

PEPCSPgygg 

fliaU&atfaa*  gyrg.tY-gt-gMPl9>ly*f  -iafl-JB£gigigfafaAt 

Before  detailed  testing  was  attempted  a  qualitative  survey  of 
the  explosives  and  interferents  was  run.  This  survey  was  conducted 
by  presenting  vapors  from  the  different  explosives  and  interferents 
directly  to  the  inlet  of  the  MS/MS  and  noting  if  a  detection  was 
made.  If  a  detection  was  made  no  further  testing  was  done  in  the 
qualitative  survey  with  this  explosive  or  interferent.  If  no 
detection  was  made  the  explosive  or  powder  was  sampled  with  the 
quartz  sampling  tube,  and  checked  for  a  detection. 

The  compounds  that  were  used  as  interferents  are  delineated 
above.  Methylene  chloride  and  methanol  also  were  used  to 
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investigate  the  stability  of  the  glow  discharge  source  with  respect 
to  suppression. 

till*  Qt  BHagfctea  JJflBl 

The  basic  instrument  LOD  was  established  for  each  of  the 
modes  of  operation  of  interest  by  inserting  the  outlet  of  the 
Thermedics  Inc.,  RDX  vapor  generator  directly  into  the  inlet  of  the 
MS/MS.  Since  explosives  molecules  are  sticky  it  is  necessary  to 
insert  the  generator  outlet  and  let  the  adhered  molecules  bake  off 
the  tip  to  equilibrium  before  taking  a  reading  on  the 
concentration.  This  effect  is  shown  in  Figure  2.  Note  the 
starting  level,  the  peak  level,  and  the  equilibrated  level.  The 
reading  is  taken  as  the  difference  between  the  starting  level  and 
the  equilibrated  level. 

The  quartz  tube  preconcentrator  assisted  instrument  LOD  was 
established  for  the  most  usable  modes  of  operation  of  the  MS/MS. 

The  equilibrated  output  of  the  vapor  generator  was  drawn  into  the 
quartz  tube  with  quartz  wool  preconcentrator  using  a  modified  "Dust 
Buster"  sampler.  This-  drawing  of  the  sample  was  performed  out  in 
the  open  with  no  attempt  to  shield  from  the  air  conditioner  air 
currents  in  the  room  other  than  to  sample  at  a  flow  rate  into  the 
sample  tube  which  was  greater  than  the  output  of  the  vapor 
generator  and  to  sample  at  approximately  3.2  mm  from  the  exit  of. 
the  tube.  The  tubes  were  then  inserted  into  the  heated  inlet  to 
the  MS/M 3  and  the  outputs  recorded  in  the  different  modes  of 
operation  on  the  instrument. 

?9it>.  Qwentlty.  m&iag 

The  procedure  for  executing  the  bomb  quantity  tests  was  to 
present  each  of  the  materials  to  the  inlet  of  the  MS/MS  to 
determine  if  a  detection  was  possible.  If  no  hit  was  made,  then  a 
sample  was  taken  close  to  the  surface  of  the  explosive  material 
(within  approximately  3.2  mm)  with  the  quartz  sampler  and  the 
sampler  was  inserted  into  the  MS/MS  for  analysis.  If  the  surface 
of  any  of  the  explosives  was  touched  by  the  sampling  tube,  the  tube 
had  to  be  baked  out  for  a  considerable  time  and  another  sample 
taken. 

Personnel  sampling 

To  date  no  standard  procedure  has  been  defined  and  accepted 


for  personnel  sampling.  Since  this  instrument  uses  the  quartz 
sampler,  the  samples  taken  from  personnel  in  this  test  were  taken 
as  one  might  sample  with  a  metal  detector  hand-sampler.  The  quartz 
tube  was  attached  to  the  hand-sampler  and  the  unit  turned  on.  The 
sampling  was  started  by  placing  the  tip  of  the  tube  under  the  arm 
at  the  pit  using  the  vapor-touch  method.  This  method  requires  the 
vapor  sample  to  be  taken  while  touching  the  clothing  or  sampled 
surface  with  one  side  of  the  tube  tip  at  approximately  a  45  degree 
angle.  The  sampler  was  moved  down  the  side  of  the  individual  to 
the  belt,  across  the  belt  area  to  the  other  side,  and  up  to  the  arm 
pit  on  that  side.  The  sampling  was  jumped  back  to  the  belt  area 
where  the  pocket  area  was  searched  and  downward  on  the  outside  of 
the  leg.  Then  the  opposite  pocket  area  and  leg  were  sampled  in  the 
same  manner.  The  individual  was  turned  around,  and  the  sampler  run 
down  the  middle  of  the  back  to  the  belt  area.  One  pass  was  made 
back-and-forth  across  the  belt  area  and  down  the  inside  of  each  leg 
to  the  shoe  top.  This  total  sample  required  only  25  seconds  to 
complete.  The  sample  was  then  inserted  into  the  MS/MS  for 
analysis. 

A  sample  of  C-4  measuring  6.3  x  8.3  x  .32  cm  was  placed 
outside  the  "T"  shirt  and  under  the  summer  weigut  western  shirt  in 
the  belt  area  of  the  one  of  the  authors  and  after  1  hour  and  26 
minutes  the  sampling  technique  described  above  was  used  to  make  the 
search. 

Mtil-gflUPling 

Segregated  letters  at  some  installations  are  delivered  in  a 
tray  that  is  approximately  30.5  cm  long  and  has  the  letters  closely 
packed  and  standing  on  edge.  This  uniformity  allows  the  letters  to 
be  sampled  easily.  The  chosen  method  of  sampling  this 
configuration  was  to  install  the  quartz  tube  sampler  in  the  pump, 
start  the  pump,  and  pass  the  tip  of  the  sampler  along  the  tops  of 
the  envelopes  and  down  between  each  letter  while  riffling  the 
envelopes  using  the  vapor-touch  method.  The  sampling  of  the  tray 
was  completed  by  sampling  around  the  tray  perimeter. 

Our  test  simulated  the  above  sampling  procedure  in  that  the 
previously  used  small  C-4  sample  was  placed  in  an  envelope  and 
after  10  minutes  the  outside  of  the  envelope  was  sampled  by  the 


vapor-touch  method.  After  an  additional  16  minutes,  a  4 -second 
sample  was  taken  at  the  top  of  the  same  envelope  using  the  same 
sampling  method. 

RESULTS  AMP  PI8CU88IQM 

flaalitittzg  Jtsxsas. 

All  of  the  bare  explosives  were  detected  with  ease  at  the 
inlet  of  the  MS/MS  except  the  Deta  Sheet  C  and  this  material  was 
detected  easily  with  the  quartz  sampler. 


TABLE  1 

Type  Powder  -  Detected 

Pistol  -  KG 

Rifle  -  DNT 

Black  -  Mass  192  and  96 


The  powders  such  as  pistol,  rifle,  and  black  were  checked. 
Pistol  powder  had  a  peak  at  mass  62  which  is  NO3  minus  from 
degraded  NG.  The  main  peak  in  rifle  powder  was  mass  182  which  was 
DNT.  Figure  3  shows  the  mass  spectrum  of  black  powder.  The  peak 
of  importance  is  the  small  peak  at  mass  192  which  was  always 
present  in  the  spectra.  Until  now  it  has  been  assumed  that  black 
powder  could  not  be  detected.  Additional  work  has  proven  that  this 
peak  could  be  sulfur  which  is  used  in  the  formulation  of  the  black 
powder.  Elemental  sulfur  can  decompose  into  many  molecular 
configurations  from  Sg  down  to  lower  numbers  of  sulfurs.  The  peak 
at  mass  192  appears  to  be  Sg  and  the  peak  at  mass  96  appears  to  be 
S3. 

latfxtwjiatg 

We  envision  that  there  are  two  types  of  interferents  for 
explosives  detectors.  One  type  of  interferent  is  the  compound  that 
causes  a  false  alarm  (indicates  it  is  an  explosive  when  it  is  not). 
The  other  class  of  interferent  is  the  compound  that  changes  or 
negates  the  sensitivity  of  the  instrument  (in  the  case  of  this 
MS/M S  instrument  this  could  be  a  glow  discharge  suppressant  or  a 
substance  that  can  change  the  ion  chemistry  of  the  source) . 

The  materials  diesel  fuel,  "Skoal”  smokeless  tobacco,  "Coty" 


Perfume,  "Kiwi"  shoe  polish,  and  a  banana  skin  that  were  possible 
false  alarm  agents  gave  no  interference. 

The  two  solvents  that  were  used  to  test  the  stability  of  the 
ASGDI  source  were  methyl  alcohol  and  methylene  chloride.  It  had 
been  noted  previously  at  Sandia  that  if  a  softer  ionization  source 
is  used  it  is  possible  to  completely  change  the  ion  chemistry  of 
explosives  molecules  like  RDX  and  PETN  when  the  ion  chemistry 
changes  from  oxygen  minus  to  chloride  minus  because  these  molecules 
add  the  reactant  ions  to  the  explosive  molecule  thereby  resulting 
in  a  completely  different  ion  mobility  time  or  m/z.  Neither  of  the 
solvents  tested  changed  the  reaction  ion  chemistry  of  the  source. 
The  only  noticeable  change  was  a  slight  suppression  of  the  glow 
discharge  and  thereby  the  current  but  no  detrimental  effect  was 
noted. 
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The  IOD  for  RDX  was  established  for  the  Single  Ion  Monitoring 
mode  of  operation  of  the  Quadrupole/Time-of-Flight  (QTOF)  (see 
Appendix  A  -  Modes  of  Operation  of  the  QTOF)  and  using  a  mass 
resolution  of  approximately  400  the  LOD  was  found  to  be  3  parts  per 
trillion  (cc/cc) . 

The  LOD  for  the  Time-of -Flight  (TOF)  mode  of  operation  at  a 
mass  resolution  of  approximately  400  was  found  to  be  30  ppt 
(cc/cc) . 

The  I0D  for  the  Targeted  Daughter  Ion  mode  of  operation  was 
found  to  be  3  ppt  (cc/cc) . 

The  IX5D  of  the  instrument  was  lowered  by  a  factor  of  10  by 
the  use  of  the  quartz  tube  sampler.  This  procedure  was  run  by 
sampling  with  the  quartz  sampler,  then  desorbing  into  the  unit  and 
integrating  the  signal  over  a  10  second  time  period.  This 
integrated  area  was  then  divided  by  the  factor  of  10  to  get  the 
grams  per  second.  The  LOD  of  the  Targeted  Daughter  Ion  mode  of 
operation  by  this  method  became  0.3  ppt  (cc/cc). 

B.9 afr  QuinUtY-T.eytiBg 

The  explosive  C-4,  375  grams,  was  sampled  both  at  the  inlet 
of  the  instrument  and  with  the  tube  sampler  with  positive  results. 
Military  TNT,  275  grams,  was  sampled  only  at  the  inlet  because  the 
response  at  the  inlet  was  so  great  that  we  did  not  want  to  saturate 


the  instrument  by  sampling  with  the  quart  tube.  Tetryl,  which  was 
in  the  form  of  pressed  pellets  which  were  2.54  cm  O.D.  right 
circular  cylinders  and  1.9  cm  long,  was  detected  both  at  the  inlet 
and  with  the  tube  sampler.  The  vapor  from  the  cut  end  of  a  275 
gram  sample  of  PrimaCord  could  not  be  detected  at  the  inlet  but  was 
easily  detected  with  the  tube  sampler.  Figure  4  shows  the 
magnitude  of  the  signal  for  the  detection  of  PrimaCord.  Deta  Sheet 
C,  275  gram,  could  only  be  detected  by  the  use  of  the  sample  tube. 
The  Deta  Sheet  material  seems  to  be  the  hardest  explosive  material 
to  detect  of  the  explosives  materials  tested.  PBX  9404  pellets, 
which  contains  only  a  small  trace  of  RDX,  could  only  be  detected 
using  the  sampling  tube3. 

The  C-4  sample  had  been  placed  under  the  shirt  and  allowed  to 
remain  for  1  hour  and  26  minutes  before  sampling.  The  sampling 
procedure  listed  above  was  used  to  sample  the  individual  in  a 
vapor-touch  method.  The  first  sample  that  was  taken  saturated  the 
instrument  at  the  sensitivity  setting  of  the  detector  used  in  these 
studies.  The  sampling  tube  was  changed  to  a  new  tube.  The  c-4 
sample  was  removed  immediately  and  3  hours  and  20  minutes  later 
another  8  second  sample  was  taken  of  the  area  using  the  vapor-touch 
method.  This  sample  also  saturated  the  instrument.  It  will  be 
discussed  below  in  the  mail  sampling  test  that  a  faint  outline  of 
the  C-4  sample  seemed  to  be  evident  while  the  sample  was  in  the 
envelope  and  remained  after  the  sample  had  been  removed.  It  was  in 
this  area  that  large  signals  were  recorded.  It  is  possible  that 
the  RDX  material  is  actually  being  transported  through  the  shirt 
material  just  as  with  the  envelope. 

Mjll-gilBRllBg 

The  response  of  the  first  vapor-touch  sample  of  the  envelope 
containing  the  C-4  sample  was  tremendous.  Figure  5  shows  the 
response  of  the  Single  Ion  Monitoring  (SIM)  method  of  sampling  the 
envelope  with  the  quartz  tube  sampler.  This  measurement  involves 
monitoring  m/z  176  in  a  single  ion  monitoring  mode  as  a  function  of 
time.  The  area  under  the  curve  is  related  to  the  quantity  of 
material  collected.  When  the  same  small  C-4  sample  was  placed  in 
the  envelope  end  the  sides  of  the  envelope  allowed  to  touch  the 


i 
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sample,  it  appeared  that  the  outline  of  the  sample  could  be 
discerned  on  the  envelope.  This  indicates  that  it  is  possible  that 
the  RDX  explosive  was  transported  through  the  paper  of  the  envelope 
by  the  motor  oil,  the  poly isobutylene,  the  solvent  cyclohexanone, 
or  a  combination  of  these. 

After  an  additional  16  minutes,  the  top  of  the  envelope  was 
sampled  by  the  vapor-touch  method  for  4  seconds.  The  response  was 
large.  Since  the  top  of  the  envelope  had  been  slit  open  to  remove 
the  contents  and  had  not  been  taped  closed  for  the  test,  some  of 
the  vapor  must  have  been  pumped  out  to  the  sampler  without  touching 
the  walls  of  the  envelope. 

fiffPSWgIPHg 

The  MS /MS  Explosives  Detector  designed  and  built  by  Oak  Ridge 
National  Laboratory  has  been  evaluated  by  a  combined  team  of  Sandia 
and  ORNL  personnel.  This  device  with  its  remote  sampler,  although 
produced  as  an  explosives  detector  for  sampling  mail,  could  be  used 
in  many  other  sampling  scenarios,  such  as  searching  personnel, 
searching  mail,  searching  buildings,  etc. 

The  limits  of  detection  for  the  SIM  mode,  the  TOF  mode,  the 
Targeted  Daughter  Ion  Mode,  and  the  Targeted  Daughter  Ion  Mode  with 
sampler  were  determined  to  be  3  ppt,  30  ppt,  3  ppt,  and  0.3  ppt, 
respectively.  All  of  the  bare  explosives  samples  that  were  used 
were  detected  by  the  unit  using  the  sampler. 
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Proceedings  Issue,  Columbus,  Ohio,  212  (1984) . 
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Pescrlptlonot  the  A8GDI  Source/QTor  Instrument 
The  explosives  detector  evaluated  in  this  study  relies  upon 
Atmospheric  Sampling  Glow  Discharge  Ionization  (ASGDI)  as  the  means 
for  converting  explosives  molecules  to  anions  and  a 
quadrupole/time-of-flight  (QTOF)  tandem  mass  spectrometer  as  the 
instrument  to  provide  MS  and  MS/MS  data.  These  have  been  described 
previously.4 
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Meaningful  data  can  be  acquired  from  the  QTOF  instrument  in  a 
variety  of  ways.  Each  mode  of  operation  has  certain  charac¬ 
teristics  that  make  it  more  or  less  useful  than  another  possible 
mode  for  a  particular  application.  A  brief  qualitative  description 
of  each  operating  mode  that  may  be  useful  in  explosives  detection 
is  described  below  along  with  some  comment  as  to  its  relative 
merits. 

Ouadrupole  Mass  Scan.  The  mass  spectrum  provides  information 
on  the  relative  intensities  and  masses  of  the  ions  formed  in  the 
ASGDI  source.  The  mass  spectrum  can  be  obtained  using  the 
quadrupole  mass  filter  by  holding  the  TOF  deflection  plate  voltages 
at  the  same  potential  as  the  flight  tube  and  scanning  the 
quadrupole  mass  filter.  The  mass  resolution,  scan  speed,  and  scan 
range  are  all  defined  by  the  operator.  This  method  is  useful  for 
screening  purposes  to  check  for  the  presence  of  parent  ions 
characteristic  of  explosives.  The  specificity  of  this  mode  is 
lower  than  that  of  MS/MS  but  is  still  good  with  respect  to  other 
explosives  detectors.  A  disadvantage  associated  with  this  mode  is 
the  loss  in  sensitivity  associated  with  scanning  the  mass 
spectrometer.  Most  of  the  analysis  time  is  spent  in  areas  of  the 
mass  spectrum  where  no  explosives-relat.ed  ions  are  present. 

Single  Ion  Monitoring.  This  mode  refers  to  the  situation  in 
which  the  quadrupole  mass  filter  is  set  to  pass  only  ions  of  one 
m/z  ratio  and  the  TOF  is  not  employed.  In  the  absence  of  chemical 
interferences  at  the  m/z  of  interest,  this  mode  provides  the 
greatest  sensitivity  since  all  of  the  time  is  spent  on  a  region  in 
the  mass  spectrum  where  explosives-related  ions  are  expected, 
overcoming  the  problem  associated  with  scanning.  The  disadvantage, 
of  course,  is  that  only  one  explosive  can  be  monitored  at  a  time. 
The  specificity  and  sensitivity  of  this  mode  can  be  varied  via  the 
mass  resolution.  Transmission  through  the  quadrupole  can  be 
increased  by  degrading  the  resolution  thereby  increasing 
sensitivity  and  decreasing  specificity.  A  variation  on  this  mode 
is  multiple  ion  monitoring  or  peak  hopping  in  which  the  quadrupole 
is  alternately  moved  to  pass  different  m/z  values  in  sequence. 

This  allows  for  several  explosives  to  be  monitored  with  some 
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compromise  in  ultimate  sensitivity  for  each  explosive.  The 
multiple  ion  monitoring  mode  is  intermediate  in  sensitivity  between 
single  ion  monitoring  and  the  full  mass  scan. 

TOF  Hass  Spectrum.  The  other  method  of  obtaining  a  full  mass 
spectrum  is  to  put  the  quadrupole  mass  filter  in  the  rf-only  mode 
using  a  low  peak-to-peak  rf  voltage  on  the  rods,  thereby  passing 
all  ions  through  the  quadrupole,  and  acquiring  the  TOF  spectrum. 

The  mass  resolution  in  TOF  is  generally  poorer  than  with  the 
quadrupole  mass  filter  so  that  the  specificity  is  generally  poorer 
than  with  a  quadrupole  scan.  Furthermore,  the  quadrupole  mass 
filter,  when  operated  in  the  rf-only  mode,  does  not  pass  all  ions 
with  equal  efficiency  introducing  what  can  be  severe  discrimination 
ayainst  some  ions.  Furthermore,  the  TOF  mode  suffers  from  a 
compromise  in  sensitivity  due  to  the  fact  that  the  TOF  gate  is  only 
"on"  1  per  cent  of  the  time.  This  is  analogous  to  the  losses 
experienced  by  scanning  the  quadrupole.  With  the  quadrupole, 
however,  the  time  spent  on  any  mass  is  generally  less  than  1  per 
cent  and  the  transmission  is  also  lower  than  in  the  TOF. 

Therefore,  the  sensitivity  of  the  TOF  mode  is  expected  to  be  better 
than  that  of  the  quadrupole  mass  scan.  Nevertheless,  the 
improvement  in  sensitivity  is  generally  not  deemed  to  overcome  the 
loss  in  specificity  so  that  the  TOF  mode  is  rarely  used  for 
explosives  detection  and  was  not  used  during  these  tests. 

Conventional  Daughter  Ion  MS/MS.  The  mode  with  by  far  the 
greatest  specificity  is  conventional  daughter  ion  HS/MS  whereby 
daughter  ions  are  mass  analyzed  by  TOF  after  the  parent  ion  is 
mass-selected  with  the  quadrupole  at  unit  mass  resolution.  Relative 
to  single  ion  monitoring,  the  sensitivity  of  this  mode  is  lowered 
by  the  1%  duty  cycle  of  the  TOF.  That  is,  only  1%  of  the  parent 
ions  are  subjected  to  HS/MS.  This  might  lead  to  a  decrease  in 
detection  limit  by  a  factor  of  100.  This,  however,  is  not  usually 
observed  due  to  the  well-known  reduction  of  "chemical  noise" 
afforded  by  MS/MS.  The  background  ions  at  the  same  m/z  value  as 
the  parent  ion  generally  do  not  give  the  same  daughter  ions  so  that 
even  though  the  signal  level  is  decreased,  the  background  ncise 
level  is  decreased  even  further.  In  practice,  the  limit  of 
detection  in  the  MS/MS  mode  is  lower  than  that  in  the  single  ion 
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monitoring  mode,  but  not  by  two  orders  of  magnitude.  The  greatest 
combination  of  specificity  and  sensitivity  is  obtained  via  the 
combination  of  single  ion  monitoring  with  MS/MS  using  unit  mass 
resolution  parent  ion  selection.  Again,  this  only  permits  one 
explosive  to  be  monitored  at  a  time.  A  usual  operating  procedure, 
therefore,  is  to  combine  the  multiple  ion  monitoring  mode  of  the 
quadrupole  with  MS/MS.  The  quadrupole  can  be  hopped  over  a  series 
of  predetermined  m/z  windows  and  when  a  signal  is  obtained  that 
exceeds  a  threshold  level  for  one  of  the  m/z  windows,  the  MS/MS 
spectrum  can  be  obtained  for  that  m/z.  An  explosive  is  then 
indicated  if  daughter  ions  characteristic  of  the  explosive  is 
detected  above  a  predefined  threshold.  The  extent  to  which  the 
sensitivity  for  any  given  explosive  is  compromised  is,  of  course, 
determined  by  the  number  of  different  m/z  windows  that  the 
quadrupole  must  monitor. 

Targeted  Daughter  Ion  MS/MS.  A  possibly  useful  mode  of 
operation  for  explosives  detection  was  identified  during  these 
tests  that  compromises  some  specificity  relative  to  conventional 
daughter  ion  MS/MS  but  promises  to  greatly  enhance  the  overall 
sensitivity  of  the  analysis.  This  mode,  referred  to  here  as  the 
targeted  daughter  ion  mode,  uses  the  quadrupole  mass  filter  in  a 
very  low  resolving/high  transmission  mode  in  conjunction  with  TOF. 
The  quadrupole  is  operated  so  as  to  pass  only  high  mass  ions,  e.g. 
ions  of  mass  greater  than  m/z  180,  and  the  TOF  is  operated  in  the 
normal  way.  Operationally,  this  is  very  similar  to  the  TOF  method 
for  obtaining  a  mass  spectrum.  The  difference  is  that  in  the 
targeted  daughter  ion  mode,  the  quadrupole  is  used  to  filter  out 
low  mass  ions  that  issue  from  the  ion  source  whereas  all  ions  are 
transmitted  in  the  normal  TOF  mass  spectrum  mode.  When  the  low 
mass  ions  from  the  ion  source  are  not  transmitted  through  the 
quadrupole,  i.e.  in  the  targeted  daughter  ion  mode  of  operation, 
the  only  low  mass  ions  that  can  be  detected  via  TOF  are  those  that 
arise  from  fragmentation  of  the  high  mass  ions  that  pass  through 
the  quadrupole.  In  this  way,  all  of  the  characteristic  daughter 
ions  that  arise  from  explosives  can  be  monitored  while  all  of  the 
high  mass  parent  ions  are  passed  through  the  quadrupole 
simultaneously  and  with  relatively  high  transmission.  In  general, 
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transmission  in  the  rf-only  mode  for  an  ion  of  a  given  m/z  ratio  is 
over  an  order  of  magnitude  greaterthan  in  the  single  ion  monitoring 
mode.  Furthermore,  the  advantage  in  the  reduction  of  chemical 
noise  by  MS/MS  is  retained.  This  mode,  therefore,  might  be 
competitive  in  sensitivity  with  single  ion  monitoring.  An 
additional  advantage  comes  into  play  when  considering  monitoring 
for  several  explosives.  This  approach  obviates  peak  hopping  with 
the  quadrupole  as  is  necessary  in  the  multiple  ion  monitoring  mode 
coupled  with  MS/HS.  The  specificity  of  the  targeted  daughter  ion 
mode,  although  lower  than  that  of  the  conventional  MS/MS  mode, 
should  still  be  high  relative  to  other  means  for  explosives 
detection.  The  following  must  be  true  in  order  to  register  a 
positive  signal;  i)  the  molecule  must  form  a  negative  ion,  ii)  the 
negative  ion  must  have  a  m/z  value  greater  than  180  or  so,  and  iii) 
the  ion  must  give  daughter  ions  of  the  characteristic  m/z  values. 
The  difference  in  these  criteria  from  those  in  effect  for 
conventional  daughter  ion  hS/MS  is  that  the  parent  ion  must  have  a 
defined  m/z  value  in  conventional  MS/MS.  The  presence  of  a  parent 
ion  of  a  specified  m/z  that  produces  a  specified  daughter  ion  upon 
MS/MS  analysis  allows  the  specific  explosive  to  be  unambiguously 
identified.  In  the  targeted  daughter  mode,  the  fact  that  an 
explosive  is  probably  present  is  indicated  by  the  presence  of  a 
targeted  daughter  ion  but  the  specific  explosive  is  not  identified 
(although  the  compound  class  may  be) .  This  information  may  still 
be  inferable,  however,  without  recourse  to  conventional  MS/MS  since 
the  parent  ions  are  also  present  in  the  TOF  spectrum.  The  presence 
of  both  a  characteristic  daughter  ion  and  parent  ion  Increases 
specificity  over  the  presence  of  a  daughter  ion  alone.  The 
targeted  daughter  ion  mode  of  operation  as  performed  on  the  QTOF 
had  not  yet  been  implemented  and  characterized.  None  of  the 
testing  was  there-  fore  performed  with  this  mode  of  operation. 
However,  most  of  the  testing  in  this  report  was  performed  with  the 
quadrupole  in  a  low  resolving  mode  in  combination  with  TOF.  This 
mode  is  intermediate  between  conventional  MS/MS  and  the  targeted 
daughter  mode  using  the  quadrupole  in  the  rf-only  mode.  The 
results  of  these  tests  were  very  promising  and  have  encouraged  the 
development  of  the  targeted  daughter  ion  mode.  Even  if  the 
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specificity  of  this  approach  proves  to  be  unacceptably  low,  it 
night  be  useful  as  a  high  sensitivity  rapid  screening  procedure  to 
indicate  if  conventional  MS/MS  is  necessary. 
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MSXBAGI 

Very  significant  progress  in  the  detection  of  bulk  explosives  has  been 
achieved  since  the  last  meeting  in  1986.  The  thermal  neutron  activation  (TNA) 
technique  has  been  conclusively  shown  in  extensive  airport  tests  under  Federal 
Aviation  Administration  (FAA)  supervision,  to  be  very  reliable  and  a  highly 
sensitive  method  for  detection  of  ail  commercial  and  military  explosives  in 
luggage  and  cargo,  regardless  of  shape  and  method  of  concealment.  Several  TNA 
based  explosive  e  detection  system..  (EDS)  are  currently  under  construction  and 
will  be  installed  at  selected  U.S.  airports  starting  in  the  early  summer  of  1989. 
The  results  of  the  comprehensive  airport  testing  cf  the  TNA  systems  during  the 
period  of  1987-88  are  summarized.  The  success  of  the  TNA  technique,  which  is 
virtually  the  only  method  to  detect  concealed  explosives,  does  encourage  research 
in  other  nuclear  based  detection  techniques  which  are  complementary  co  TNA. 
These  are  fast  neutron  activation  (FNA),  the  associated  particle,  nuclear 
resonance  absorption  and  photoneutron  activation  techniques.  The  principles  and 
highlights  of  the  research  and  development  of  these  techniques  will  also  be 
reported. 

1.  IMBPPBSTIffl 

Three  years  ago  we  presented  the  rationale  for  the  detection  of  bulk 
explosives  based  on  nuclear  techniques  that  addressed  the  requirements  o£  civil 
aviation  security  in  the  airport  environment  (lj.  Since  than  sf forts  have 
intensified,  culminating  in  chv  successful  airport,  demonstrations  of  two 
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prototype  thermal  neutron  analysis  (TNA)  systems.  The  Pan  Am  103  disaster  in 
late  December  1988  has  accelerated  the  design  of  the  first  production  models  of 
the  TNA  based  explosive  detection  system  (EDS).  The  first  of  these  is  currently 
being  readied  for  routine  operation  at  the  TWA  international  terminal  at  John 
F.  Kennedy  Airport  (JFK)  in  New  York.  Five  additional  systems  will  be  installed 
between  August  1989  and  January  1990  in  various  international  airports  in  the 
U.S.A.  and  Europe. 

The  TNA  based  EDS's  have  proven  to  be  very  successful  in  meeting  the 
civil  aviation  security  requirements,  and  large  scale  production  of  these  systems 
is  anticipated.  While  TNA  systems  are  being  implemented,  R&D  is  continuing  to 
improve  this  type  of  system.  Other  nuclear  techniques  are  also  being 
investigated  in  the  lab  in  order  to  assess  their  potential  to  provide  further 
enhancements  in  EDS  performance,  e.g. ,  faster  response  time,  lower  false  positive 
rate,  smaller  size,  lower  cost,  etc. 

We  will  briefly  review  the  status  of  the  on-going  activities  in  the 
arena  cf  nuclear  based  EDS's.  To  provide  a  more  complete  perspective,  we  will 
commence  with  a  brief  review  of  the  non-nuclear  EDS  techniques  or  procedures  that 
are  being  employed. 

2.  BRIEF  REVIEW  OF  NON-NUCLEAR  DETECTION  METHODS  FOR  EXPLOSIVES 

Methods  employed  for  detecting  the  presence  of  explosives  include 
manual  search  as  well  as  a  variety  of  methods  based  on  technologies  that  observe 
and  measure  one  or  more  specific  properties  common  to  explosives. 

2.1  Manual  Search 

This  approach,  although  limited  in  practical  use,  has  achieved 
impressive  results  especially  when  combined  with  profiling  (e.g.,  as  used  by  El 
Al) .  An  attractive  feature  of  this  approach  is  that  it  has  a  strong  deterrent 
effect  on  would-be  perpetrators.  However,  it  suffers  from  several  deficiencies. 
In  particular,  its  efficacy  is  highly  dependent  on  the  operator’s  skill  and 
experience.  Some  of  the  new  plastic  explosives  can  be  molded  into  extremely  thin 
layers  ("sheet  explosives")  and  camouflaged  so  as  to  confound  even  experienced 
searchers.  The  method  is  also  labor  intensive,  tedious,  and  time  consuming, 
seriously  inconveniencing  passengers.  Full  scale  implementation  of  this  method 
in  a  busy  airport  such  as  JFK,  Heathrow,  or  the  like,  is  practically  impossible. 

2.2  Vapor  Detection 

Several  detection  methods  focus  on  sensing  the  minute  amounts  of  vapor 
emitted  by  explosives  ("sniffers")..  Some  of  these  techniques  are  more  sensitive 


to  specific  classes  of  explosives  than  others.  However,  substantial  improvements 
in  the  overall  detection  sensitivity  and  the  processing  times  of  these 
instruments  are  necessary  to  make  them  acceptable  in  an  on-line  screening  mode. 
In  fact,  military  explosives  are  characterized  by  extremely  low  vapor  pressures. 
As  a  consequence,  unless  a  contaminate  or  by-product  of  the  manufacturing  process 
is  detectable,  the  amounts  of  vapors  emitted  by  these  explosives  are  several 
orders  of  magnitude  below  the  sensitivity  thresholds  of  preser>"  day  aquvpment 
rendering  them  undetectable  by  tJOMe  methods  In  addition,  many  vapor  sensing 
techniques  can  optimize  their  sensitivity  for  specific  explosive  co»p'>>jndc  Mile 
sacrificing  sensitivity  to  the  rest  of  the  spectrum  of  explosive  cnt^ats,  ehvs 
giving  a  false  sense  of  overall  performance  Common  knowledge  to  enc  terrorist 
community  is  the  fact  th8t  explosive  "sniffers"  are  easily  thwarted  by  wrapping 
the  explosive  itself  in  plastic  Dogs  are  also  used  for  explosive  vapor 
detection,  primarily  on  an  emergency  basis,  but  their  use  is  limited  by  the 
relatively  short  attention  span  that  they  are  able  to  maintain.  Little 

information  is  available  on  independent  double  blend  tests  to  indicate  the  true 
performance  of  dogs  even  on  a  limited  use  basis.  These  techniques,  however,,  are 
probably  the  or\ly  practical  ones  for  scanning  humans  and/or  animals 

2.3  X-Ray  Densitometry 

X-rays  have  become  the  accepted  procedure  for  inspection  of  carry-on 
luSS*ge  f°r  the  presence  of  weapons.  Matter  absorbs  par t  of  any  X-ray  beam  that 
passes  through  It.  The  degree  of  absorption  of  an  object  t«  determined  by  the 
atonic  number  and  the  density  times  the  overall  tnirkness  of  these  objects,  which 
is  why  »etais  absorb  more  than  for  example,  cloth  When  an  objecr  is  placed 
between  an  X-rsy  source  and  an  array  of  detectors  a  2-ti:<rensi onal  projection 
or  a  silhouette  of  the  object  is  obtained.  An  enhancement  of  this  technique  is 
the  "dual  energy  radiography"  approach,  where  a  second,  lower  energy  scan  of  the 
object,  provides  crude  information  on  Che  atomic  numbers  ot  the  composite 
elements  of  the  object.  With  such  a  device  two  2-<iimen?-ion3i  Images  of  the 
object  are  obtained,  one  portraying  the  low  atomic  number  (Z)  components  (e.g., 
those  having  hydrogen,  carbon,  nitrogen  and  oxygen),  and  the  other  shewing  the 
higher  atomic  numbers  (metallic)  components.  Dual  energy  rar'.iography  reduces 
tho  clutter  in  the  image,  by  separating  the  metallic  objects  from  the  low  Z 
objects.  However,  it  cannot  distinguish  between  many  benign  low  1  objects  and 
explosives,  since  they  have  similar  compositions  and  appearances  X-~ay  computed 
tomography  (CAT  scanning)  goes  one  step  beyond  conventional,  radiography  by 
generating  a  3-dimcnsiona).  density  image  of  the  object  by  performing  many  scans. 


36-4 


In  general,  X-ray  images  cannot  differentiate  betveen  different  materials  of 
similar  overall  densities.  These  methods  are  very  time  consuming  and  extremely 
dependent  or.  Che  operator's  skill  and  experience.  They  require  a  human  to 
inspect  each  parcel.  Such  systems  can  be  very  useful  as  complementary  to  other 
methods  (described  below),  by  helping  to  resolve  the  few  cases  that  are  not 
automatically  cleared  of  suspicion  by  the  TNA  based  EOS. 

3.  EyMPAMEEIAte?  JSL.  HPOBARtBASHL.EPS 

The  shortcomings  of  the  previous  common  techniques  form  the  main  reason 
for  the  development  of  nuclear-based  techniques..  Nuclear-based  detection 
techniques  probe  the  screened  items  with  penetrating  radiation,  notably  neutrons 
and  photons.  An  array  of  detectors  positioned  near  the  screened  item  senses  the 
high-energy  gamma-ray  reaction  products  induced  by  the  probe  (see  Figure  1). 
The  intensity,  energy,  and  spatial  distribution  of  the  detected  radiation;  their 
relationship  to  the  probing  radiation;  and  any  additional  information  concerning 
the  object  are  used  to  determine  the  presence  or  absence  of  an  explosive. 

Nuclear  interrogation  involves  detecting  reaction  products  from  target 
elements  (or  isotopes)  that  are  reliably  and  sufficiently  present  in  all 
explosives.  The  discriminating  features  of  explosives  are  summarized  in  Table 
1  according  to  their  specificity  and  sensitivity  as  a  basis  for  detection.  The 
universal  occurrence  of  these  same  elements  in  nonexplosives,  however,  limits 
the  attainable  level  of  detection  sensitivity,  and,  invariably,  increases  the 
probability  of  false  positives. 

The  operational  criteria  limit  the  choice  of  techniques  to  those 
probing  reactions  that  can  meet  the  criteria  in  a  practical  way.  These  criteria 
include  availability,  cost,  size,  and  shielding  requirements.  The  dose  rate 
imparted  to  the  object  and  the  induced  radioactivity  in  the  contents  of  luggage 
and  the  potential  exposure  to  the  public  are  also  very  important  considerations 
in  selecting  appropriate  probes. 

Table  2  lists  the  available  nuclear  reactions.  Brief  comments  given 
in  the  table  are  based  either  on  actual  experimental  results  or  other 
assessments.  These  comments  focus  attention  on  the  potential  and  limitations 
of  the  various  techniques.  The  table  clearly  underlines  why  TNA  is  the  most 
successful  nuclear-based  technique:  nitrogen  has  a  unique,  very  high  energy 
gama-ray  (10.8  MeV) ,  it  is  relatively  easy  to  obtain  high  enough  thermal  neutron 
fluxes,  and  this  flux  does  not  create  any  significant  radiation  exposure  to  the 
public. 
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4.-  STATUS  OF  THERMAL  NEUTRON  ANALYSIS _ (TWA).  IECHSIQ.V.E 

The  TNA  technique  is  based  on  detecting  primarily  nitrogen  and  some 
secondary  elements.  High  density  nitrogen  is  a  rather  specific  signature,  but 
by  no  means  the  only  one,  of  all  commercial  and  military  explosives..  Upon 
capturing  thermal  neutrons  nitrogen  nuclei  emit  10.6  MeV  gamma-rays,  which  are 
practically  the  highest  possible  in  such  reactions.  Thus,  the  intensity  and 
spatial  distribution  of  this  high  energy  gamma- ray  provide  a  strong  indication 
of  the  presence  of  explosive.  The  spatial  distribution  of  the  10.8  MeV  (i.e., 
of  nitrogen)  is  provided  by  a  complex  image  reconstruction  afforded  by  the 
efficient  detector  arrays  employed  in  the  current  TNA-EDS  built  by  SAIC,  The 
TNA  technique  is  somewhat  sensitive  to  backgrounds  from  other  interfering 
elements  and  from  benign  materials  that  contain  some  of  the  same  elements  as 
explosives.  The  demonstrated  ability  of  TNA-EDS  to  distinguish  between  explosive 
and  other  benign  materials  in  many  difficult  conditions  is  a  testimony  to  the 
advanced  stage  of  the  TNA  technique,  and  it  sets  the  standard  for  comparison  with 
other  techniques . 

In  the  SAIC  TNA-EDS,  the  neutron  sourc ?  is  either  the  radioisotope 
232Cf  or  an  electronic  neutron  generator  with  a  neutron  intensity  of  less  than 
10*  n/s.  Fast  neutrons  from  the  source  are  slowed  down  by  moderating  materials 
that  make  up  the  walls  of  the  interrogating  cavity  and  around  the  source  to 
create  a  cloud  of  low-energy  neutrons.  The  overall  size  of  the  system  is 
determined  by  the  requirements  for  sufficient  moderating  material  to  produce  a 
high  neutron  flux  in  the  interrogating  cavity,  plus  additional  shielding  to 
reduce  radiation  exposure  to  personnel  (see  Figure  2).  The  neutrons  diffuse  into 
the  screened  object  to  produce  characteristic  gamma-rays  chat  are  promptly 
emitted  following  neutron  capture.  The  SAIC  detector  array  consists  of  tens  of 
inorganic  scintillators  with  the  neutron  source  at  the  center. 

Figure  3  depicts  the  typical  gamma-ray  spectra  obtained  from  a  luggage 
sample  with  a  threat  amount  of  explosive  simulant.  These  spectra  are 
characterized  by  a  large  background  of  low-  and  intermediate-energy  gamma-rays 
arising  from  suitcase  contents  and  from  cavity  construction  materials.  The 
construction  materials  were  carefully  selected  to  minimize  backgrounds,  and 
corrections  for  the  remaining  backgrounds  are  applied  to  each  detector. 
Additional  corrections  are  applied  to  the  high-energy  gamma-rays  from  chromium, 
chlorine,  and  nickel  that  interfere  directly  with  the  gamma -rays  from  nitrogen. 

High-speed  analog-signal-processing  electronics  were  developed  to 
measure  precisely  the  energy  of  each  gamma- ray  at  the  data  rates  necessary  to 
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meet  Che  sysCen  throughput  requirement.  The  detected  gamma -ray  signals  are 
converted  into  pulses  suitable  for  computer  processing.  If  a  predetermined  set 
of  conditions  is  fulfilled  (one  among  them  a  localized  region  of  high  gamma- ray 
rate  from  nitrogen),  the  system's  alarms  indicate  the  possible  presence  of  an 
explosive  threat. 

Extensive  laboratory  optimization  measurements  were  followed  by  an 
intensive  period  of  airport  testing  (June  1987  -  March  1988),  which  included 
measurements  with  both  the  radioisotopic  and  electronic  neutron  sources.  Tests 
to  detect  simulated  bulk  and  sheet  explosive  at  the  operationally  required 
throughput  rate  were  performed  at  the  San  Francisco  and  Los  Angeles  International 
Airports  in  California  on  both  domestic  and  international  baggage  sets.  The 
results  of  the  tests  [3]  are  summarized  in  Table  3. 

The  range  of  PD  and  PFA  values  results  from  variations  in  performance 
due  to  the  contents  of  the  luggage  items  as  a  function  of  the  destination  and 
the  season  of  the  year.  The  trade-off  in  PD  versus  PFA  to  match  a  particular 
situation  is  programmed  into  the  system  decision-making  process.. 

The  success  of  the  two  prototype  TNA-EDS  has  lead  to  a  design  of  a  more 
compact  Cf -based  EDS  (see  Figure  2).  This  system  measures  4  m  long,  2.4  m  at 
the  widest  point,  and  1.8  m  high.  It  is  a  straight-through  system,  where  the 
luggage  is  conveyed  on  a  straight  belt  through  it.  The  system  can  screen  600 
bags  per  hour.  The  system  decision  is  done  fully  automatically.  However,  when 
a  suspect  bag  is  identified,  a  list  of  reasons  for  that  decision  is  presented 
to  the  operator  with  possible  suggestions  for  further  investigation  in  order  to 
clear  or  confirm  the  suspicion.. 

Six  Cf-based  compact  EDS  systems  are  being  manufactured  by  SAIC  for 
the  FAA.  The  first  of  these  is  currently  being  implemented  at  TWA  International 
terminal  at  JFK  in  New  York. 

5.0  XzMY.  B^HAKCEB JiEyTRQtL iKEffiBSfi&llSfi  SY?TBt-(XSNlsj 

The  XENIS  system  is  an  optional  addition  to  the  basic  TNA-EDs.  XENIS 
identifies  and  displays  the  specific  object  causing  an  alarm.  The  system  was 
developed  in  conjunction  with  EDS  and  was  subject  to  the  same  rigorous  airport 
testing  program. 

XENIS  allows  alarm  bags  from  the  EDS  to  be  "double  checked"  without 
exposing  personnel  to  the  hazards  of  physical  inspection.  The  number  of  false 
positive  from  the  EDS  can  be  reduced  by  much  as  50%  when  the  power  of  the  special 
x-ray  system  is  coupled  to  the  basic  EDS.. 
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The  XENIS  system  is  composed  of  a  dual-view  x-ray  machine,  an  image 
processor,  an  optical  disk  drive  and  a  computer.  XENIS  combines  the  lower 
spatial  resolution  isutge  of  the  TNA  with  the  higher  resolution  density  image  of 
the  x-ray  machine.  Once  this  information  is  collected,  sophisticated  image 
processing  techniques  are  used  to  combine  and  analyze  the  resultant  correlated 
image.  This  image  is  passed  on  to  the  XENIS  decision  algorithm  where  a 
suspect/no  suspect  decision  is  made  by  the  computer.  The  specific  object  which 
caused  the  alarm  is  automatically  identified  and  highlighted  on  the  display 
screen. 

6.  FAST  NEUTRON  ACTIVATION  EXPLOSIVE  .DETECTION-SYSTEM  (FNA-BASED  EDS) 

To  extend  the  advantages  and  overcome  some  limitations  of  the  TNA 
approach,  SAIC  is  investigating  a  new  technique  that  relies  on  the  inelastic 
reactions  of  fast  neutrons  (FNA)  on  carbon,  nitrogen,  and  oxygen.  A  continuous 
flux  of  fast  neutrons  (14  MeV)  is  produced  in  the  reaction  resulting  when  a  beam 
accelerated  deuterons  (at  150  keV)  impinges  onto  a  tritium  (T)  target,  liberating 
alpha  particles  (*He)  and  neutrons.  Subsequent  neutron  collisions  produce 
characteristic  gamma-rays  from  inelastic  reactions  with  the  main  constituents 
of  explosives.  Thus,  most  of  the  characteristic  components  of  explosives  can, 
in  principles  be  detected  and  imaged.  The  overall  improvement  in  PD  and  PFA  can 
be  estimated  once  the  system's  signal -to -background  ratios  are  determined  for 
each  element. 

The  main  difference  between  the  TNA  and  the  FNA- induced  gamma  spectra 
is  illuminated  in  Figure  4.  The  main  signals  in  FNA,  coming  from  oxygen  (6.13 
MeV)  and  carbon  (4.44  MeV)  are  of  significantly  lower  energy  than  the  10.8  MeV 
resulting  from  TNA  of  nitrogen  thus  lowering  the  signal  to  background  ratio. 
However,  the  interaction  of  fast  neutrons  in  the  detector  crystal  generate 
continuum  of  gamma-rays  extending  to  very  high  energies.  This  feature  of  the 
spectrum  aggravated  by  pulse  pile-up  considerably  complicated  the  development 
of  FNA  as  a  practical  tool.  By  judicial  use  of  composite  shieldings, 
combinations  of  detector  arrays  and  fast  electronics,  FAA  technique  has  come 
closer  to  proof  of  practicality. 

7.  IKS.. ASSOCIATED  FMIICLE- TEOMIQUE 

The  associated  particle  technique  [ 1 ] ( 2 ]  further  extends  the  idea  of 
FNA  to  produce  three-dimensional  images  of  gamma-rays  produced  by  fast  neutron 
inelastic  interactions. 

The  technique  exploits  the  temporal  and  spatial  correlation  between 
the  14-MeV  neutron  and  its  associated  alpha  particle  (*He)  produced  in  the  d-T 
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fusion  reaction  described  in  the  previous  section.  At  low  deuteron  energies  the 
alpha  particle  and  neutron  are  produced  back-to-back.  Thus,  by  localizing  the 
alpha  particle,  the  direction  of  the  neutron  is  determined.  The  neutron's 
subsequent  interaction  point  is  determined  by  measuring  the  total  time  between 
the  detection  of  the  alpha  particle  and  the  detection  of  the  gamma-ray  produced 
in  the  neutron  interaction. 

As  an  example,  measurements  conducted  at  the  Advanced  Nuclear 
Technology  Group  at  Los  Alamos  National  Laboratory  demonstrated  the  ability  to 
obtain  spatial  depth. 

The  time  distribution  of  three  2.5  cm  thick  objects  made  of  aluminum, 
carbon,  and  iron,  respectively,  positioned  10  cm  apart  along  the  neutron  path, 
is  illustrated  in  Figure  5..  The  fourth,  broadened  object  in  the  timing  spectrum 
results  form  elastically  scattered  neutrons  that  interact  directly  in  the  gamma- 
ray  detector.  The  choice  of  location  of  the  gamma- ray  detector  and  the  shielding 
surrounding  it  are  important  parameters  that  can  be  tailored  to  the  geometry  of 
the  problem.  The  inelastic  gamma-rays  produced  by  14.7  MeV  neutrons  provide 
unique  signatures  for  most  low-  and  intermediate-Z  elements  of  interest  to 
explosive  detection.;  In  particular,  carbon,  nitrogen,  and  oxygen  can  be  readily 
identified  either  individually,  as  depicted  in  Figure  6a,  6b,  and  6c,  or  in  a 
compound  simulating  high  explosives,  as  shown  in  Figure  6d. 

The  Los  Alamos  group  is  assembling  a  computer  system  based  on  the  VME- 
bus  to  provide  real-time  parallel  processing  for  data  acquisition  and  analysis. 
The  system  will  have  the  capability  to  acquire  data  for  all  combinations  of 
multiple  alpha  particle  detectors  and  gamma-rays  detectors.  Data  will  be  stored 
in  two-dimensional  matrices  for  each  detector  combination  and  will  incorporate 
the  ability  to  sum  gamma-ray  spectra  corresponding  to  each  alpha  detector  pixel. 
By  storing  data  in  this  way,  it  will  be  possible  to  project  gamma-ray  energy  data 
in  real  time  for  any  time  slice,  resulting  in  real-time  three  dimensional 
imaging.  Parallel  processing  is  planed  with  one  CPU  sorting  data,  while  another 
processor  is  matching  detector  gains,  summing  gamma-ray  spectra,  and  generating 
projections  from  pre-selected  energy  or  time  windows  for  individual  or  groups 
of  elements. 

In  summary,  the  main  advantage  of  the  technique  is  the  capability  of 
providing  one-sided,  three-dimensional  imaging  of  the  main  elemental  constituents 
of  explosives.  Its  ultimate  usefulness  is  primarily  limited  by  low  sensitivity, 
resulting  in  interrogation  times  measured  in  several  minutes  rather  than  a  few 
seconds,  required  for  practical  airport  applications. 
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8,  HIGH-ENERGY  PHOTON.  PROBES  •  PHOIOACTIVATION  REACTIONS 

Photoactivation  reactions  involve  the  production  of  relatively  short¬ 
lived  radioisotopic  beta  emitters  predominantly  via  the  (gamma,  n) ,  (gamma,  p) , 
and  (gamma,  2n)  reactions.  The  reaction  threshold  for  the  elements  of  interest 
to  explosive  detection  require  a  very  intense  beam  of  high-energy  photons  (mostly 
10  MeV  and  above)  in  the  form  of  bremsstrahlung  produced  by  electron 
accelerators.  The  detection  signal  is  derived  from  either  the  511  keV  gamma- 
rays  from  the  annihilation  of  the  low-energy  positron  or  from  bremsstrahlung 
emitted  by  high-energy  electrons.  In  either  case,  timing  can  be  used  to  improve 
the  signal  to  background.  For  very  short  lived  emitters  (a  few  milliseconds) , 
sensing  begins  promptly  after  the  photon  pulse;  for  longer- lived  emitters 
(seconds  to  minutes),  interrogation  is  delayed  until  other  shorter-lived 
backgrounds  have  died  away.  Coincident  detection  of  the  back-to-back  511  keV 
gamma-rays  from  positron  annihilation  is  inherently  imaging  in  three  dimensions, 
but  has  extremely  low  efficiencies.  The  detection  sensitivity  ultimately  depends 
on  the  photoactivation  cross  section  (a  few  millibarns)  and  the  half-life  of  the 
isotope,  while  selectivity  will  also  depend  on  the  half-life  and  the  threshold 
energy  of  the  production  reaction  relative  to  thresholds  for  competing 
backgrounds.  Technique  numbers  3,  9,  11,  22,  and  especially  13  (see  Table  2) 
fall  into  this  category.  Unfortunately,  all  these  techniques  are  wholly 
inappropriate  for  luggage  inspection.  The  foremost  reason  is  the  extremely  high 
dose  rate  they  impart  to  the  screened  luggage,  going  far  beyond  damaging  all 
photographic  and  some  magnetic  media.  The  unavoidable  accompanying  neutron 
background,  induced  activities,  and  complexity  render  this  avenue  of  development 
unwarranted. 

9.  CONCLUSION 

We  have  briefly  reviewed  the  current  status  of  nuclear-based  EDS.  The 
research  development,  production,  and  field  implementation  since  the  last  report 
in  1986  demonstrated  the  viability  of  the  nuclear  techniques  in  general  and  TNA 
in  particular.  While  TNA  has  become  a  practical  reality,  providing  the  only 
technology  aids  to  effectively  combat  civilian  aircraft  sabotage,  limitations 
and  potential  of  other  techniques  have  been  sharply  recognized  allowing  to  focus 
effort  on  the  most  promising  techniques  for  possible  next  generation  systems. 
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Characteristic  Feature 

Nitrogen  density 

Oxygen  density 

Carbon  density 

Hydrogen  density 

N:H,  N:C,  C:0,  and  C:0+N  ratios 

Trace  metals 

Total  density 

Physical  shape 


Specificity 

High 

High 

Moderate 

Moderate 

Very  high 

Moderate -high 

Moderate 

Low 


Table  1:  Generic  Discriminating  features  of  explosives 
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No. 

1 

IsotoDe 

Hi 

Probe 

Energy* 

Reaction 

1H(nth,7)2H* 

Comments 

Low  specificity 

2 

Hi 

(and  10B) 

n  (slowing 
down  spect.) 

thermalization 

absorption 

Low  specificity 

3 

2H 

y(>2 . 2  MeV) 

2K(7,n)1H 

Low  specificity,  very 
low  sensitivity 

4 

2h 

n(14  HeV) 

2H(n,2n)JH 

Low  specificity,  very 
low  sensitivity 

5 

12C 

nth 

medium  specificity,  low 
sensitivity 

6 

12c 

n(14  MeV) 

12C(n,n'7)12C* 

medium  specificity,  low 
sensitivity 

7 

12C 

n(14  Me\M 

12C(n,p)12B* 

medium  specificity,  low 
sensitivity 

8 

12C 

n(14  MeV) 

l2C(n,a)8Be* 

medium  specificity,  low 
sensitivity,  high 
background 

9 

12C 

7019  MeV) 

12C*(7,N)11C 

medium  specificity,  low 
sensitivity, 
unacceptable  very 
high  dose  rate ,  complex 

10 

13C 

nth 

^("rt.T)^ 

mediui  specificity,  very 
low  sensitivity 

11 

13C 

7(>5  MeV) 

l3C(7,n)l2C 

medium  specificity,  very 
low  sensitivity, probably 
unacceptable  high 
dose  rate 

12 

14n 

nth 

1*^(nth>7)15N* 

specific,  most 
practical  basis  for 
TNA  to  date 

Table  2:  Assessment  of  accessible  nuclear  reactions  for  neutrons 
or  high-energy  photon  interrogation 


Esggtlaa 


Comments 


Probe 

Ma,.  ISffXim  Energy! 

13  UN  -r(>ll  MeV)  uN(7,n)13N  specific,  low 

sensitivity,  very  high 
dose  rate,  high  induced 
activity,  neut. 
background ,  complex 
unacceptable 

■y(>30  MeV)  uN(-y,2n)12N  specific,  low 

sensitivity,  very  high 
dose  rate ,  high  induced 
activity,  high  neut. 
background,  complex 
unacceptable 


14 

UN 

n(14  HeV) 

uN(n,n'7)uN* 

specific,  high 
background 

15 

mH 

n(14  MeV) 

uN(n,cr,)uB* 

specific,  high 
background 

16 

UN 

n{14  MeV) 

14N(n,P7)l‘C* 

specific,  high 
background 

17 

“N 

rt(14  MeV) 

uN(n,d7)13C* 

specific,  high 
background 

18 

“N 

n(14  MeV) 

l‘N(n,2n)l3N 

specific,  high 

background 

low  sensitivity 

19 

16q 

n(14  MeV) 

1BC(n,n'7)160' 

specific 

20 

J6q 

n(14  MeV) 

i6C(n,p)t6N* 

specific , 
low  sensitivity 

21 

160 

nO  MeV) 

5t,0(n,ci)i3C* 

specific , 

low  E  signatures 

22 

160 

7(>16  HeV) 

160(7,n)ls0 

specific , 

low  sensitivity,  very 
high  dose  rate,  high 
neut .  background 
complex,  unaccep table 

Table  2:  Assessment  of  accessible  nuclear  reactions  for  neutrons 
or  high-oncrgy  photon  interrogation  (continued) 


Luggage 

Cargo 


90-96 

90-95 


3-8 

1-4 


Table  3: 


Airport  test  results  for  the  TNA  Explosive  Detection  System 
for  more  than  30,000  screened  items 


■  o 


.  «>»»v  cnwstyci.’iiSl 
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Schematic  Of  Nuclear  Based  EDS 

How  Hidden  Objects  Are  Detected  In  Luggage 


ENERGY 

- FKA  - TNA 

FiCIJSE  A:  CojapsuTlsoc  of  pulsed  height  distribution  (in  sodium 
iodida  detector)  between  TTiA  and  FNA  - 


PROJECTION  ON  TO  TlfE  OF  F-IG1T  AXIS 

FIGURE  S:  TiP'e-of-fiig’rt  spectrum  for 

alUBinam,  carHon,  iron  cbjects. 


Channels 
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APPLICATION  OF  A  DESORPTION-CONCENTRATION  DEVICE 
(D.C.L  PLATTNE)  TO  EXPLOSIVES  DETECTION 

1C  SARTHOU 

Commissariat  et  I’Energie  Atomique 

Centre  d’Etudes  du  RIPAULT -  B.P.  N°  16  37260  MONTS  -  FRANCE  - 


The  D.C.I.  "platine"  presented  in  this  article  is  used  as  a  sampling  interface  in  the 
design  of  an  explosives  vapours  detector.  Consistent  with  every  kind  of  gas 
chromatograph,  this  device  operates  as  well  transference  as  enrichment  by 
reconcentration  of  trapped  vapours.  Results  achievements  with  PETN,  TNT  and  RDX 
allow  to  estimate  such  an  interface  efficiency.  For  TNT,  amounts  in  the  nanogram  range 
have  been  detected  with  FID.  In  a  parallel  way,  mass  spectrometry  tests  of  sensitivity 
show  a  possible  improvement  of  sensitivity  level. 

INTRODUCTION ; 

We  are  presently  setting  up  an  explosives  vapours  detection  system  which  final 
shape  will  be  as  follows  : 


As  indicated  on  the  diagram,  the  final  shape  of  the  system  will  be  profiting  by  new 
generation  mass  spectrometers  (FID  and  TSQ)  which  sensitivity  is  now  consistent  with 
usual  explosives  vapours  pressures.  [1.2.3.]  However,  high  detection  sensitivity  access  is 
conditionned  on  adequate  resolving  of  the  collecting  and  transfering  duplicate  problem. 
Therefore,  it  was  significant  that  this  stage  should  be  profited  by  the  most  efficient 
fitting ;  for  this  reason,  D.C.I.  "platine"  -  DELSI  INSTRUMENTS.  FRANCE  -  was 
selected.  [4]  The  presented  experimentation  shows  how  and  why  this  device  an  interesting 
solution  for  the  problem  is  .  The  D.C.I.  "platine"  principle  is  as  follows : 
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1  -  Explosive  vapours  desorption  with  gas  flow. 

2  -  Cold  trapping  of  these  vapours  on  adsorbent 

3  -  Injection  of  trapped  compounds  into  analyser. 

*  \ 

The  results  registered  with  TOT,  RDX  and  PETO,  show  satisfying  efficiency 
mainly  resulting  from  following  factors : 

-  the  lack  of  any  chemical  operation  on  the  sample, 

-  the  strong  equilibrium  displacement  towards  total  desorption, 

•  the  efficiency  of  injection. 

Moreover,  cold  trapping  used  during  reconcentration  step  allows  measuring 
precision  and  reproducibility  to  be  increased.  With  intent  of  early  quantifying  the  DCI 
"platine"  response,  we  directly  operated  with  disolved  explosives  ;  however  it  is  important 
to  remember  that,  in  real  detection  operation,  the  oven  will  receive  an  atmospheric 
sampling  catridge. 

We  successively  present  in  this  article  : 

1  -  System  description  and  operating. 

2  -  Experimental  conditions  and  results. 

3  -  Results  discussion. 
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As  indicated  on  figures  n°l  and  n°2,  the  DCI  "platine"  is  connected  in  parallel 
derivation  of  a  gas  chromatograph  carrier  gas.  On  figure  n°l,  the  system  is  in  desorption- 
concentration  step,  on  figure  n°2,  in  introduction  step.  The  operating  of  the  device  is  as 
follows  : 


DESORPTION.; 

A  known  weight  of  disolved  explosive  is  set  in  the  oven  container.  At  160°  C,  and 
under  reduced  pressure,  gas  flow  (He  in  present  case)  displaces  equilibrium  towards  total 
desorption  of  targetted  compounds. 


HfiUBEJL :  Dei :  Desorption  -  Concentration  Step 
Concentration: 

The  volatiles  diluted  in  carrier  gas  by  thermal  desorption  are  carried  out  onto  the 
concentrator  filled  with  Tenax.  The  volatiles  adsorption  reconcentrating  is  "optimized"  by 
a  cold  trapping  at  -  40°C.  These  concentration  two  variables  are  desorption  temperature 
and  duration.  Their  respective  optimal  values  are  a  function  of  targetted  compounds 
volatility  ;  for  explosives  case,  we  have  defined  a  compromise  to  avoid  too  high 
decomposition  of  the  product. 


FIGURE? :  Dei :  Injection  Step 
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Injection: 

After  changing  the  connection  of  the  line  into  position  2,  the  injection  is  instigated 
by  an  ultrafast  heating  rate  at  2  500°C./min.  that  induces  instantaneous  desorption  and 
injection.  Excepted  caution  against  oven  contamination,  there  is  no  difficulty  to  operate 
the  DCI  "platine"  ;  from  what  good  reproducibility  is  (  .<nned  as  shown  in  further  on 
results. 


Experimental 


Performed  trials  have  permitted  the  setting  of  following  experimental  conditions  : 


Desorption  temperature 
Desorption  time 
Desorption  pressure 
Trap  temperature 
Injection  temperature 
Line  temperature 


160°  C 
10  min. 
0,3  bar 
-40°  C 
200°  C 
160°  C 


Model 

Column 

Carrier  gas  pressure 
Detector 

Detector  temperature 


Girdel  "Serie  30" 

SE  52  -  WCOT  0,25  mm  -  25  m.  length 
1,4  bar 
FID 
180°  C 


Results 


We  have  carried  out  two  series  of  experimentations,  one  qualitative,  the  other 
quantitative. 
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Qualitative  trials  interned  to  identify  explosives  by  their  retention  times  in 
satisfying  analysis  duration.  For  this  purpose,  the  GC  was  operated  with  temperature 
programming  from  140"  C  to  200“  C  at  beating  rate  of  lCf  C/min.  These  trials  have  been 
performed  on  several  explosives  mixtures.  Thereafter  presented  on  figure  n°3,  the 
chromatogram  obtained  with  a  PETN.TNT  and  RDX  mixture,  in  respective  amounts  of 
5.0  x  I0"6  2.1  x  10"8  g.  and  25  x  1(H*  g. .  Corresponding  retention  time  reproducibility 

has  been  believed  sufficient  (*3  sec.)  for  allowing,  if  necessary,  targetted  explosives 
identification. 

PROGRAMMED  TEMPERATURE 
FROM  140‘C.  TO  20(fc.at  to'.mm. 


t 

PETN 

5.0x109. 

2 

TNT 

-6 

2.'*10  o. 

3 

RDX 

2.5  moV 

FIGURE  3 :  Temperature  Proorammation  Chromatogram 

Quantitative  trials  were  more  especially  assigned  for  DCI  "platine"  efficiency 
measurements.  In  that  case,  we  operated  at  fixed  temperature  like  established  with 
preliminary  tests : 


120°  C  for  PETN 

180°  C  for  TNT  +  RDX  mixture. 


In  both  cases,  we  have  got  following  retention  times : 


-  4  mn  45  s  *  2  sec.  for  PETN 

-  7  mn  03  s  -  2  sec.  for  TNT 

- 11  mn  03  s  *  2  sec.  for  RDX 


ISOTHERMAL  AT  120*  C 
-6 

PETN  5.0*  10  0 


ISOTHERMAL  AT  180  C 


-9 

2  *  TNT  2.0*  >0  0, 

-7 

3-.RD*  2.0  *10  o 


FIG.  4:  PETN  at  120°  C 

(fixed  temperature) 


FIG.  5 :  TNT  +  RDX  at  180°  C 

(fixed  temperature) 


Figure  n°4  represents  a  chromatogram  carried  out  with  5.0  x  10*^  g.  of  PETN,  and  figure 
n°5,  those  of  2.0  x  10'^  g.  of  TNT  and  2.0  x  10*^  g.  of  RDX  These  values  are  representing 
sensitivity  limits  of  the  system  with  described  analytical  conditions. 
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Discussion 

Considering  with  experimental  conditions,  above  results  indicate  a  good  capability 
of  DCI  "platine"  on  transferring  and  reconcentrating  explosive  vapours.  As  well  as 
complementary  trials,  these  results  allow  to  suppose  that  better  adjustment  of 
experimental  conditions  should  induce  higher  efficiency  appreciation.  For  example,  in 
consideration  with  analytical  conditions,  the  detection  of  2.0  x  10"^  g.  of  TNT,  indicates 
that  DCI  device  is  able,  at  least,  to  transfer  such  an  explosive  amount.  Besides,  we 
estimate  that  only  modification  of  few  parts  of  the  system  will  permit  to  increase  the 
response  in  several  orders  of  magnitude. 

DCI: 

It  is  possible  that  TENAX  should  not  be  the  best  explosive  adsordent ;  in  this  case, 
we  suggest  a  different  phase,  like  glasswool,  for  example. 

QC: 

The  use  of  a  shorter  column  like  DB5-15  meters  of  length,  for  example,  must 
improve  the  sensitivity  by  thermal  decomposition  reducing.[5] 

DETECTOR 

Especially  here,  sensitivity  can  get  best  improvement.  This  affirmation  is  based  on 
two  complementary  experiments.  The  first,  consisted  in  cutting  off  DCI,  and  directly 
injecting  on  the  GC  column,  what  has  permitted  to  check  that  2.0  x  10'^  g.  of  TNT  were 
not  DCI  transference  limit,  but  did  represent  FID  sensitivity  limit.  The  second 
experiment,  performed  with  mass  spectrometry,  allows  to  wait  for  a  three  orders  of 
magnitude  improvement,  like  shown  on  figure  n°6  and  figure  n°  7  diagrams. 

Figure  n°6  represents  the  210  ion  fragmentogram  of  TNT  carried  out  on  GC/MS  - 
ITD  700  -  with  4  x  10'^  g.  injected  ;  signal/noise  ratio  being  higher  than  100. 


FIGURE  6:  SELECTED  ION  210  FRAGMENTOGRAM  WITH  4.10  x  10*^®  g. 

OF  TNT  -  GC-MS  (ITD  700) 

The  figure  n°7  represents  total  ion  current  carried  out  in  GC/MS  -  TSQ  46  -  with 
2.0  x  lO*11  g.  of  TNT ;  signal/noise  ratio  being  higher  than  1 000.  These  both  last  cases 
still  seem  to  stay  far  from  sensitivity  limits  of  spectrometers,  what  allows  to  expect  an 
additional  improvement 


FIGURE  7 :  Total  ION  Current  with  2.0  x  10*11 


g.  OF  TNT  GC.MS  (TSQ  46) 


CONCLUSION : 

In  this  article,  our  object  was  to  demonstrate  DCI  "ptaUae'  consistence  with  an 
explosives  vapours  detection  system.  We  could  be  measuring  the  wombs*™  to 
allow  easy  reaching  of  FID  limits  and  that,  for  its  part,  mass  spectrometry  wffipomst  to 
find  a  better  factor.  We  are  thinking  we  can  say  that,  from  its  conception,  performances 
and  easy  operating.  DCI  device  promotes  fast  bmkfing  of  an  opaa*k«I  transference 
interface,  thanks  to  reconcentiatioa  and  injection  efficiency  that  fecSitates  access  to  the 
high  sensitivity  range  of  the  most  perfonoant  analysers. 
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A  MODEL.  OF  EXPLOSIVE  VAPOR  CONCENTRATION 
T.A.  Griffy 

Department  of  Physics 
University  of  Texas 
Austin,  Texas,  USA 

ABSTRACT 

Many  instruments  which  are  employed  to  locate  improvised  explosive  devices 
are  designed  to  detect  the  vapor  emitted  by  the  explosive.  The  effectiveness  of  such 
instruments  clearly  depends  on  both  the  sensitivity  of  the  equipment  and  the 
amount  of  vapor  present.  The  model  presented  here  can  be  used  to  predict  the 
explosive  vapor  concentration  one  might  expect  for  various  detection  scenarios.  In 
the  model  are  the  effects  of  the  amount  of  explosive,  room  volume,  air  exchange 
rate  and  deposition  of  explosive  on  the  surfaces  present.  Example  calculations  are 
given  for  various  detection  scenarios  such  as  room  searches  and  portal  inspection 
systems. 

1.  INTRODUCTION 

The  improvised  explosive  device  is  the  preferred  tool  of  the  terrorist.  In  1987, 
56.7  per  cent  of  the  terrorist  incidents  were  bombings1.  Clearly  a  reliable  method  of 
locating  explosives,  whether  during  transportation,  hidden  in  a  cache  or  placed  at 
the  intended  target  would  be  a  significant  deterrent  to  such  attacks.  Consequently, 
much  effort  has  been  devoted  to  developing  effective  explosive  detectors.  Many  of 
the  devices  currently  in  use  depend  on  the  detection  of  the  vapor  emitted  by  the 
explosive.  It  is  thus  important  to  understand  the  vapor  concentration  which  might 
be  expected  under  the  varied  search  conditions  likely  to  be  encountered.  A  simple 

1  Patterns  of  Global  Terrorism  :  1987.  United  States  Department  of  State  Publication  9661,  August 
1988. 
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method  'which  can  be  used  to  estimate  the  vapor  present  in  various  detection 
scenarios  is  described  here.  For  concreteness  we  present  results  for  vapor  emitted  by 
a  "one  pound"  (0.45  kg)  Mock  of  TNT  into  a  room  with  a  volume  of  30  m3-  The 
mathematical  formulation  is  of  course  more  general  and  can  be  easily  used  for  other 
situations  simply  by  dhanghjg  the  appvqpriate  parameters  such  as  equilibrium  vapor 
pressure,  molecular  weight  etc.  We  list  below  the  symbols  in  the  following 
calculation  as  well  as  the  values  assigned  to  these  parameters  in  the  example 
calculation. 

Ab  Surface  area  of  explosive  block  (0.03  m2) 

Aw  Surface  area  of  room  "walls"  (50  m2) 

D  Diffusion  coefficient  of  explosive  in  air  (3  •  10^  m2/s) 

G  Evaporation  rate  constant  in  Hertz-Knudsen  equation 

M  Molecular  weight  of  explosive  (227  ■  10-3  kg/mole) 
m  mass  of  explosive 

p  Vapor  pressure  of  explosive 

pD  Equilibrium  vapor  pressure  of  explosive 

(4  10'4  P*  *  3  •  KrWiHg) 

R  Gas  constant,  8.31  |/mole°K 

T  Temperature 

ot(v)  Rate  constant  associated  with  evaporation  in  air  (vacuum) 

P(V)  Rate  constant  associated  with  adsorption  by  walls  in  air  (vacuum) 
y  Rate  constant  associated  with  room  air  exchange 
e  Ratio  of  effective  mixing  velocity  to  kinetic  velocity 
p  Density  of  explosive 

o  Mass  per  unit  area  of  explosive  monolayer  <1.2  •  itr6  kg/m2) 
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If  a  mass  m  of  the  vapor  fills  a  volume  V,  the  vapor  pressure  can  be  obtained 
from  the  ideal  gas  law 
RT 

P  =  Mvm- 

This  relation  can  be  used  to  calculate  the  rate  of  change  of  the  vapor  pressure  when 

the  explosive  is  evaporating  into  a  vacuum 

dp  RT  dm  RT  /RTm^Ab 

dt  =  MV  dt  _MVGAb-(2jcM/  V  P«  =  avPo 

This  result  follows  from  the  assumption  that  the  evaporated  vapor  is  uniformly 
and  instantaneously  mixed  throughout  the  volume  V.  Clearly  this  is  a  rather 
drastic  assumption  and  modification  will  be  discussed  below. 

There  are  other  factors  which  influence  the  time  rate  of  change  of  the  vapor 
pressure.  As  the  vapor  pressure  approaches  its  equilibrium  value  the  evaporation 
rate  will  go  to  zero.  Vapor  can  be  lost  when  the  molecules  of  explosive  stick  to  the 
"walls"  (i.e.,  any  surface)  of  the  room.  Vapor  can  also  be  lost  by  air  exchange  caused 
by  the  ventilation  system  in  the  room.  These  effects  can  be  incorporated  in  the  rate 
equation: 

dp 

dt  =°v<Po-p)-Pvp  -yp- 

As  above,  the  first  term  in  this  equation  describes  evaporation  of  the  vapor.  The 
second  term  describes  loss  due  to  coating  of  the  walls.  The  initial  value  of  the  rate 
constant  pv  can  be  calculated  in  the  same  way  that  cty  was  above  with  the  result 
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Since  the  factor  e*P*  goes  to  zero  rapidly,  the  vapor  pressure  in  the  room  quickly 
reaches  the  value 


p(t)  = 


« 

a+P+y 


Since  a  and  y  are  usually  much  less  than  P 
a 


...  -  Ab 
P«>  =  pP.-A:P. 


This  rather  surprising  result  indicates  that  until  such  time  as  the  "walls"  of  the 
room  are  coated  with  explosive,  the  vapor  pressure  remains  substantially  below  the 
equilibrium  value.  Inserting  the  values  for  the  typical  example  (a  one  pound  block 
of  TNT  in  an  average  room)  gives  p  =  6  •  l(Hp0.  Note  that  since  this  result  depends 
on  the  ratio  of  a  to  p  it  is  independent  of  the  effective  diffusion  velocity. 

We  can  estimate  the  time  required  to  coat  the  walls  by  assuming  the  walls  are  coated 
with  a  monolayer  of  explosive.  For  TNT  the  mass  per  unit  area  of  this  monolayer  is 
a  =  1.2  •  I0*6  kg/m2.  The  total  mass  of  explosive  on  the  "walls"  is  then  oAw  =  6  • 

10~5  kg  for  a  room  with  a  surface  area  of  50  m2.  The  time  required  to  coat  the  walls 
can  be  obtained  by  dividing  this  number  by  the  evaporation  rate  predicted  by  the 
Hertz-Knudsen  equation 


Tw 


oAw  6  •  10-5 

dm  “  4.6-  10'8 
dt 


=  1.3  l(Ps. 


Clearly  this  is  a  lower  limit  on  the  time  required  to  coat  the  walls  since  the  true 
evaporation  rate  will  be  significantly  less  than  the  evaporation  rate  into  a  vacuum 
which  is  given  by  the  Hertz-Knudsen  equation. 


3.  THE  ROLE  OF  DIFFUSION 
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Thus  far  we  have  assumed  that  the  explosive  vapor  is  mixed  with  the  air  at  a  rate 
determined  by  some  effective  mixing  velocity.  It  is  interesting  to  ask  what  role 
diffusion  might  play  in  this  mixing  process.  The  diffusion  equation  which 
determines  the  spatial  and  time  dependance  of  the  vapor  concentration  c(r,t)  is 

~=  DV2c. 

at 

The  diffusion  coefficient  can  be  estimated  from  the  formula  for  rigid  elastic  spheres. 

D  _  3  /kT  (mi+m2)-M/2 

12  8(n,+n2)  or2  l  27tm1m2  J 

where  n  is  the  molecular  density  of  the  two  gasses,  m  the  molecular  mass  and  or  the 
effective  collision  diameter..  Inserting  the  numbers  appropriate  to  TNT  diffusing  in 
air  gives 

D  =  3  •  10'6.m2/s. 

For  a  point  source  which  begins  diffusing  at  t  =  0  an  analytic  solution  to  the 
diffusion  equation  can  be  obtained 

C(r't)  =  (^D03"2eXp('r2/4Dl)- 

Taking  the  derivative  of  this  result  allows  us  to  estimate  the  time  required  for 
the  peak  in  the  vapor  concentration  to  reach  a  distance  r  from  the  source 
r2 

tD  =  6D' 

If  diffusion  alone  were  responsible  for  the  vapor  transport,  this  result  tells  us  it 
would  take  about  15  hours  for  the  vapor  to  move  a  distance  of  one  meter  from  the 
source!  dearly  diffusion  is  not  the  dominant  transport  mechanism. 
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The  diffusion  rate  can  also  provide  some  insight  into  how  the  Hertz-Knudsen 
equation  might  be  modified  to  account  for  the  fact  that  that  evaporation  process 
takes  place  in  air  rather  than  in  a  vacuum.  Assume  the  explosive  is  transported  by 
diffusion  through  the  boundary  layer  of  thickness  8  surrounding  the  explosive. 
The  ekfectivc-  velocity  is  then 
D 

Veff  =  ~  *  Ev 

For  a  one  millimeter  thick  boundary  layer* 

3  ■  10-6  ,  , 

Veff  =  '104"  =  3  •  m/s. 


This  gives  a  value  of  £  ~  10'4 

This  result  can  also  be  used  to  estimate  the  effectiveness  of  some  of  the  portal 
detection  schemes  which  have  been  proposed.  The  maximum  amount  of  explosive 
which  can  be  detected  at  a  portal  inspection  is  given  by  the  formula 


m  =  D 


1  (PaMl/2r  M  \l/2 

5\  lp  J  (2*RtJ  P°At 


where  A  is  the  surface  area  of  the  explosive,  t  is  the  inspection  time  and  other 
symbols  have  their  usual  meaning.  This  formula  will  give  a  significant  over 
estimate  of  the  amount  of  explosive  reaching  the  detector  since  no  account  is  taken 
of  the  "packaging"  of  the  explosive  and  it  is  assumed  that  all  of  the  explosive  that 


*  The  boundary  layer  thickness  can  be  estimated  using  the  equation  (H.  Rouse,  Elementary  Medtanics{of 
Fluids,  J.  Wiley  N.Y.  1946) 


8*5 


-  lji  y/2 

p«v0 

.  y 


where  p  is  the  viscosity  (18  ■  ltH*  Pa  s  for  air  at  20°C),  p  is  the  density  (1.29  kg/m^  for  air),  1  is  a 
characteristic  length  and  vD  is  the  free  stream  velocity 
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evaporates  is  collected  by  the  detector.  It  is  nevertheless  useful  since  it  gives  an 
upper  bound  on  the  amount  of  explosive  one  can  expect.  As  an  example,  if  the 
airstream  velocity  is  5  m/s,  the  effective  length  0.1  m  and  the  area  of  the  explosive  is 
taken  to  be  0.05  m2,  for  TNT  the  maximum  amount  of  explosive  one  might  collect 
is  0.5  pg. 

4.  SUMMARY  AND  CONCLUSIONS 

A  simple  model  can  be  used  to  estimate  the  amount  of  explosive  vapor  which 
one  might  find  in  various  detection  scenarios.  In  many  situations  the  explosive 
vapor  pressure  predicted  by  this  model  is  significantly  less  than  the  equilibrium 
vapor  pressure.  This  result  suggests  vapor  detectors  will  require  substantially 
increased  sensitivity  if  they  are  to  be  effective  in  locating  explosives. 


39-1 


DESIGN  OF  A  HIGH-PERFORMANCE  GAS-PHASE  EXPLOSIVES 
VAPOR  PRECONCENTRATOR 


D-P.  Lucero 

IIT  Research  Institute 
4600  Forbes  Boulevard 
Lanhsm,  Maryland  20706  USA 

ABSTBASI 

The  vapor  preconcentrator/detector  module  is  an  adsorption- desorption 
device  that  obtains  preconcentration  factors  in  excess  of  500  in  less  than 
a  9-sec  cycle.  It  comprises  an  adsorption  chamber  and  matrix,  a  detector 
compartment,  and  special-purpose  inlet  and  outlet  valves  that  minimize  the 
chamber  dead  volume.  A  TNT  vapor  adsorption  efficiency  near  98  percent  can 
be  obtained  with  a  2832-1/min  sample  flow  rate  and  a  desorption  efficiency 
near  88  percent  with  a  2-1/min  purge  gas  flow  rate.  It  uses  an  orthogonal 
flow  geometry  to  obtain  comparable  efficiencies  for  the  adsorption  and 
desorption  processes  despite  the  large  disparity  in  the  adsorption- 
desorption  gas  flow  rates.  The  preconcentrator  and  the  essential  elements 
of  the  detector  are  configured  in  an  integrated  module  design  comprising  a 
concentrfc  array  of  circular  tubes  containing  the  adsorption  matrix  in  an 
annular  chamber  and,  at  the  core  of  the  assembly,  a  detector  module  such  as 
an  electron  capture  detector  or  the  ionization  chamber  of  an  ion  mobility 
spectrometer. 

1.  INTRODUCTION 

Engineering  analysis  shows  that  an  adsorption-desorption 
preconcentrator  model  using  orthogonal  flow  geometry  for  the  sample 
(adsorption)  and  purge  (desorption)  gas  streams  can  produce 
preconcentration  factors  in  excess  of  500  over  a  9-sec  processing  period. 
The  preconcentrator  device  is  VapaZorb:  an  assemblage  of  circular 
concentric  tubes.  Longitudinal  and  radial  gas  flows  are  used  sequentially 
for  the  vapor  molecule  adsorption  and  desorption  processes,  respectively. 
A  98  percent  adsorption  process  efficiency  and  an  88  percent  desorption 
process  efficiency  can  be  obtained  for  TNT  with  a  2832-1/min  sample  air 
stream  flow  rate  and  a  2-1/min  purge  gas  stream  flow  rate. 

Special-purpose  sample  inlet  and  sample  outlet  valves  are  used  that 
minimize  sample  losses  and  pressure  drop  during  the  adsorption  process  and 
minimize  the  void  volume  of  the  adsorption  chamber  during  the  desorption 
process.  All  other  active  elements  of  VapaZorb  are  contained  within  the 
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module  except  those  components  related  to  sample  and  purge  stream  controls. 
An  Integrated  VapaZorb  and  detector  can  be  designed  by  locating  a  detector 
module  or  the  inlet  to  the  detector  module  in  the  central  core  of  the 
VapaZorb  assembly..  This  design  approach  minimizes  explosives  vapor 
molecule  losses  usually  encountered  with  the  preconcentrator-detector 
interface. 

Gas-phase  explosives  vapor  detector  modules  with  lower  detection  limit 

(LDL)  characteristics  near  the  part  per  trillion  (ppt,  v/v)  level  have  been 

available  commercially  for  several  years.^  To  obtain  sub-ppt  LDL  response 

in  the  field,  most  detectors  require  special  sample  processing,  e.g., 

analyte  separation  and  the  removal  of  water  vapor,  oxygen,  or  other 

interferents .  The  detection  alarm  set  point  concentration  levels  of  many 

scenarios  for  the  detection  and  location  of  a  clandestine  explosives  cache, 

2  3 

however,  is  believed  to  be  at  sub-ppt  levels.  ’  Thus,  to  function  in  a 

practical  explosives  vapor  detection  system  with  reasonably  low  false-alarm 

probabilities,  the  detector  module  LDL  must  be  below  the  alarm  set  point 

concentration.  For  this  requirement,  most  detector  modules  must  be 
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provided  with  an  explosives  vapor  preconcentrator. 

The  utility  of  a  detector  module  operating  with  a  preconcentrator  is 
extended  significantly  with  large  (>  100)  sample  preconcentrations  over 
relatively  short  time  cycles  (<  15  sec) .  Explosives  exhibiting  lower  vapor 
pressures  (approximately  1  ppt)  are  more  detectable  with  the  use  of  a  high- 
performance  preconcentrator. 

Detection  systems  of  lower  detection  limits  will  consequently  perform 
with  lower  false-  and  missed- alarm  probabilities.^  Most  explosives  vapor 
preconcentrators  are  intermittent  adsorption-desorption  type  devices. 
Their  performance  limitation  is  ascribed  principally  to  the  incompatibility 
of  the  pneumatic  design  constraints  that  lead  to  a  performance  exhibiting 
either  a  high  adsorption  and  a  low  desorption  efficiency,  or  the  converse, 
or  both  low  adsorption  and  desorption  efficiencies.  The  unique  design 
features  of  VapaZorb  promote  a  preconcentration  action  with  relatively  high 
(>  88  percent)  adsorption  and  desorption  efficiencies  with  a  large 

disparity  in  adsorption  and  desorption  gas  flow  rates.. 

2.  PRECONCENTRATION  FACTOR 

The  performance  of  intermittent  adsorption-desorption  type 
preconcentration  modules  including  VapaZorb  is  described  as  follows: 

Pf  -  (QsTs/QpTp)fjarid  (1) 


where 


Pf  -  preconcentration  factor,  dimensionless; 

Qs  -  sample  gas  stream  flow  rate,  1/min; 

Ts  -  adsorption  time  increment,  sec; 

Qp  -  purge  gas  stream  flow  rate,  1/min; 

Tp  -  desorption  time  increment,  sec; 

»7a  -  adsorption  process  efficiency,  dimensionless;  and 

fjjl  -  desorption  and  transport  process  efficiency,  dimensionless. 

An  examination  of  equation  1  reveals  the  design  constraints  and 
problems  associated  with  producing  a  preconcentration  module  with  a  high 
preconcentration  factor.  The  time  increment  for  the  entire 
preconcentration  cycle  is  limited  primarily  by  the  detection  application. 
For  the  inspection  of  baggage  items  and  personnel  at  transportation 
terminals,  the  maximum  time  for  a  single  examination,  which  includes  sample 
processing,  detection,  and  alarm,  is  6  to  10  sec.  Thus,  in  considering  the 
time  to  close  and  open  the  valves  and  heat  and  cool  the  adsorption  matrix, 
it  is  evident  that  parametric  flexibility  in  the  preconcentrator  design  is 
associated  mainly  with  the  gas  stream  ratio,  Qs/Qp. 

Attendant  to  manipulating  Qs/Qp  is  the  constraint  of  maintaining  the 
adsorption  and  desorption  efficiency  product,  r)ar)£,  at  reasonable  levels 
such  that  increases  in  Qs/Qp  are  not  offset  essentially  by  corresponding 
decreases  in  A  close  examination  of  the  hardware  required  to  handle 

both  large  and  relatively  small  flow  rates  and  the  attendant  pressure 
losses  with  high  adsorption  and  desorption  efficiencies  indicates  clearly 
that  these  design  constraints  operate  at  cross  purposes.  Therein  lies  the 
primary  problem  in  the  design  of  an  adsorption-desorption  preconcentrator 
that  produces  preconcentration  factors  in  excess  of  20. 

3.  VAPAZORB 

VapaZorb  is  a  gas -phase  discontinuous  adsorption- desorption  vapor 
preconcentrator  comprising  five  functional  subsystems  as  depicted  in  Figure 
1:  the  adsorber-desorber  (A/D)  module,  sample  stream  inlet  valve,  sample 

stream  outlet  valve,  sample  stream  flow  control  network  and  sampling  vacuum 
pump,  and  purge  gas  supply  and  flow  control  network. 

The  operation  of  VapaZorb  is  typical  for  most  discontinuous  adsorption- 
desorption  preconcentration  devices  with  the  exception  of  the  heating  and 
cooling  processes.  The  heating  elements  are  powered  constantly.  Cooling 
is  accomplished  by  the  sample  air  stream,  at  ambient  temperature,  flowing 
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through  the  A/D  module.  Likewise,  heating  is  accomplished  by  thermal 
conduction  from  the  heating  elements  and  the  preheated  purge  gas  flowing 
through  the  A/D  module.  A  high  adsorption  efficiency  is  obtained  by 
utilizing  an  adsorption  matrix  in  the  A/D  module  that  (1)  promotes  a  large 
explosives  vapor  molecule  mass  transfer  coefficient  to  the  adsorbing 
surface  and  (2)  provides  a  large  adsorption  surface  area.  In  addition,  the 
adsorption  matrix  is  of  a  relatively  small  thermal  mass,  which  permits 
adequate  heating  and  cooling  as  described  above.  A  high  desorption 
efficiency  is  obtained  over  a  short  time  period  (<  3.4  sec)  by  minimizing 

(1)  the  number  of  adsorption  chamber  volume  gas  exchanges  required  for  the 
desorption  process,  (2)  the  adsorption  chamber  volume  with  a  compact 
adsorption  matrix,  and  (3)  the  void  volume  introduced  by  valves  and  the 
valve  A/D  module  interfaces. 

A  special  feature  of  VapaZorb  is  the  pneumatic  design  and  operation  of 
the  A/D  module.  The  module  promotes  a  uniform  wide  front  flow  of  purge  gas 
through  the  adsorption  matrix  in  a  fashion  that  minimizes  the  number  of 
adsorption  chamber  volumetric  gas  exchanges  required  to  obtain  efficient 
transport  of  the  desorbed  explosives  vapor  molecules  to  the  detector. 

4.  PRECONCENTRATION  CYCLE 

There  are  five  basic  steps  in  the  VapaZorb  preconcentration  process. 
With  the  A/D  module  at  thermal  equilibrium,  the  purge  gas  pneumatic  lines 
pressurized  fully,  and  the  sampling  vacuum  pump  in  operation,  the  following 
steps  compose  the  preconcentration  cycle: 

(1)  VapaZorb  is  activated  into  the  adsorption  mode:  the  inlet  and 

outlet  sample  valves  open,  and  sample  gas  stream  enters  the  A/D 

module ; 

(2)  The  sample  gas  cools  the  adsorbing  matrix  surface  contained  within 
the  A/D  module,  and  explosives  vapor  molecules  are  transported  to 
and  adsorbed  on  the  matrix  surface; 

(3)  The  desorption  process  is  activated:  the  sample  stream  inlet  and 
outlet  valves  are  closed; 

(4)  The  adsorbing  surface  is  heated  to  the  explosives  molecules 
desorption  temperature;  and 

(5)  The  purge  gas  enters  the  A/D  module  where  it  is  preheated  and 

flows  into  the  adsorption  chamber  and  out  through  the  purge  gas 

stream  exhaust  to  the  detector;  the  desorbed  explosives  vapor 
molecules  are  carried  to  the  detector  with  the  purge  gas. 
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5.  ADSORBER- DESORBER  MODULE 

Figure  2  is  a  cut-away  illustration  of  the  A/D  module  showing  radial 
symmetry  about  the  center  line  (^ ) .  Only  the  basic  functional  elements  of 
the  module  are  depicted.  The  sample  stream  inlet  and  outlet  valves  are  not 
shown. 

The  module  envelope  is  a  short  right-circular  cylinder  approximately 
1.02  cm  (0.4  in.)  long  and  14.6  cm  (5.75  in.)  in  diameter.  It  comprises 
three  tubes  arrayed  concentrically:  an  inner  thin  wall  perforated  metal 
tube,  a  thick  wall  porous  metal  tube,  and  an  outer  solid  metal  tube.  The 
annular  spaces  between  the  solid  metal  tube  and  porous  tubes  are  closed  at 
both  ends  to  form  an  annular  plenum  chamber.  Both  ends  of  the  porous  tube 
are  faced  with  thin  solid  metal  segments  that  seal  the  ends  and  prevent 
longitudinal  gas  flow.  The  annular  space  between  the  porous  metal  and 
perforated  metal  tubes  is  the  adsorption  chamber  containing  the  adsorption 
matrix:  10  thin-wire  screen  elements  stacked  and  evenly  spaced  normal  to 
the  sample  gas  stream  flow.  Heating  elements  and  a  temperature  sensor  for 
control  purposes  are  embedded  in  the  porous  tube,  which  is  maintained  at 

200°C.  t  (These  are  not  shown  in  Figure  2.) 

7  8 

To  minimize  adsorption  losses  ’  in  transporting  desorbed  molecules 
from  VapaZorb  and  the  detector  module,  the  front  end  of  the  detector 
module,  e.g. ,  the  ionization  chamber  of  an  electron  capture  device,  ion 
mobility  spectrometer,  atmospheric  pressure  ionization  mass  spectrometer, 
etc.,  can  be  located  in  the  VapaZorb  detector  compartment.  One  end  of  the 
detector  compartment  is  sealed  with  a  bulkhead  fitting  through  which 
electrical  and  pneumatic  feed-throughs  leading  to  the  detector  module  are 
located. 

The  sample  gas  stream  enters  and  leaves  the  adsorption  chamber  and 
flows  longitudinally  as  shown.  Purge  gas  enters  the  plenum  chamber  through 
the  gas  port  shown  in  the  solid  metal  tube  wall  of  the  module.  By  design, 
the  porous  tube  is  an  element  of  relatively  large  pneumatic  impedance. 
Thus,  as  the  purge  gas  enters,  it  will  distribute  itself  uniformly 
throughout  the  plenum  chamber  and  subsequently  flow  radially  with  maximum 
uniformity  through  the  porous  tube  over  its  entire  length,  through  the 
adsorption  chamber  and  the  perforated  tube,  and  into  the  detector 
compartment.  This  gas  flow  mode  minimizes  the  number  of  adsorption  chamber 
volume  exchanges  required  to  remove  the  sample  molecules  from  the  chamber 
in  the  desorption  process. 
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5.1  Sample  Stream  Inlet  and  Outlet  Valves 

During  the  explosives  vapor  desorption  process,  the  sample  stream  Inlet 
and  outlet  valves  are  closed,  i.e.,  they  will  prevent  the  flow  of  purge  gas 
out  the  adsorption  chamber  ends.  To  achieve  a  high  desorption  efficiency, 
it  is  essential,  as  stated  previously,  that  the  void  volume  of  the 
adsorption  chamber  and  the  void  volume  between  the  adsorption  chamber  and 
both  inlet  and  outlet  valves  are  minimal.-  Special-purpose  valves  are 
designed  to  accomplish  the  closure  with  the  constraints  listed.  The  inlet 
valve  is  depicted  in  Figure  3  and  the  outlet  valve  in  Figure  4.  The 
sealing  element  of  each  valve  is  a  toroidal  plunger.  Figure  3  shows  the 
Inlet  valve  In  the  closed  position,  and  Figure  4  shows  the  outlet  valve  In 
the  open  position.  Both  valves  are  activated  into  either  the  closed  or 
opened  condition  by  pneumatic  forces  that  arise  from  vacuum  or  purge  gas 
pressure,  respectively.  Each  is  transmitted  to  the  toroidal  plunger, 
through  the  pneumatic  connection  from  the  plunger  to  the  solenoid  valve 
and,  thus,  to  either  the  vacuum  sampling  pump  or  the  purge  gas  supply. 
Note  Figures  1  and  2  show  that  the  purge  gas  stream  network  contains  only 
an  inlet  port  at  the  A/D  module. 

In  the  inlet  valve  configuration,  the  toroidal  plunger  is  hard-mounted 
structurally  by  a  frame  webbing  to  the  A/D  module  outer  solid  metal  tube. 
Forces  exerted  by  the  plunger  on  the  A/D  module  sealing  surfaces  are 
transmitted  through  the  frame  to  the  A/D  module  outer  solid  tube.  The 
toroidal  plunger  is  fabricated  of  two  concentric  collapsible  metal  bellows 
tubes  sealed  by  a  flat  metal  annular  bulkhead  at  or.6  end  and  by  a  toroidal 
truncated  cone  at  the  opposite  end.  A  lamination  of  relatively  soft 
material  is  attached  to  the  conical  surface  as  shown  in  Figure  3  to  make 
the  seal.  Gas  pressure  or  vacuum  is  introduced  to  the  toroidal  assembly 
through  the  bulkhead  fitting  and  the  gas  line  at  the  base  of  the  plunger. 
The  3-way  solenoid  valve  is  connected  pneumatically  and  alternately  to  rhe 
purge  gas  supply  and  the  vacuum  side  of  the  sampling  pump. 

The  operation  of  each  valve  is  described  as  VapaZorb  proceeds  through  a 
preconcentration  cycle  starting  with  Stop  1,  in  which  VapaZorb  is  activated 
into  the  adsorption  mode:  the  sampling  vacuum  pump  4  -  engaged  by  the  sample 
stream  flow  control  network.  Simultaneously,  the  3-way  valve  (Figure  3) 
opens  to  the  pneumatic  line  from  the  vacuum  side  of  the  sampling  vacuum 
pump.  A  vacuum  is  pulled  on  the  toroidal  plunger  through  the  3-way 
solenoid  valve.  The  vacuum  causes  the  toroidal  plunger  to  collapse  away 


from  the  A/D  module.  Hie  displacement  is  sufficient  to  expose  a  large  gap 
to  the  sample  stream  to  minimize  sample  loss  and  sample  stream  entry 
pressure  loss.  As  VapaZorb  proceeds  to  Steps  2  and  3,  the  3-way  solenoid 
valve  is  switched  from  open  to  the  sample  vacuum  pump  to  open  to  the  purge 
gas  supply.  In  this  mode,  VapaZorb  is  in  the  desorption  stage  of  the 
cycle,  and  the  plunger  is  pressurized  by  the  purge  gas  supply  through  the 
3-way  solenoid  valve.  The  pressure  causes  the  toroidal  plunger  to  distend 
toward  the  A/D  module.  The  plunger  sealing  surface  fits  into  the  annular 
entrance  of  the  A/D  module  adsorption  chamber,  and  a  seal  is  made  at  the 
edges  of  the  porous  and  perforated  tubes  against  the  plunger  sealing 
surface.  Note  that  by  design  as  depicted  in  Figure  3,  the  void  volume 
between  the  adsorption  chamber  and  the  inlet  valve  is  minimized. 

The  sample  stream  outlet  valve  plunger  and  seal  is  identical  and 
operates  in  exactly  the  same  fashion  as  the  inlet  valve.  However,  a 
toroidal  chamber  surrounds  the  plunger,  which  itself  is  hard-mounted  to  the 
inner  perforated  metal  and  outer  solid  metal  tubes  shown  in  Figure  A.  The 
valve  plunger  is  hard-mounted  to  the  toroidal  chamber  through  the  frame 
webbing..  In  the  open  position  (Figure  A),  sample  gas  flows  out  the 
adsorption  chamber  into  the  toroidal  chamber  and  to  the  vacuum  pump.  In 
the  closed  position,  the  sealing  forces  are  transmitted  from  the  plunger  to 
the  surrounding  toroidal  chamber.  Note  that  by  design,  as  depicted  in 
Figure  A,  the  void  volume  between  the  matrix  component  and  the  valve  is 
minimized. 


The  adsorption  process  is  primarily  a  transfer  of  explosives  vapor 
molecules  from  the  sample  gas  stream  to  the  adsorbing  surface..  It  is 
primarily  a  diffusional  process.  For  conditions  at  which  the  explosives 
molecules  adsorbed  with  a  unity  sticking  coefficient,^  the  adsorption 
efficiency  is  described  as  follows: 

f?a  -  1  -  exp(-kntAs/Qs)  (2) 

where 

kj,  ■>  explosives  vapor  molecule  average  mass  transfer  coefficient, 
cm/sec,  and 

As  -  matrix  adsorbing  surface  area,  cm^. 

The  product  knAg  is  maximal  with  a  wire  screen  matrix:  a  series  of  10 
annular  thin  wire  screen  elements  stacked  normal  to  the  gas  sample  stream 
flow  direction.  Thin  wires  or  bodies  of  small  dimensions  placed  normal  to 
the  flow  exhibit  a  relatively  large  because  the  small  wire  dimension 
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prohibits  the  development  of  a  thick  gas  boundary  layer. The  rate- 

limiting  diffusional  impedance  in  the  transport  of  molecules  from  the 

sample  gas  stream  of  the  adsorption  surface  is  proportional  to  the 

thickness  of  the  gas  boundary  layer  adjacent  to  that  surface.  Thus,  the 

thinner  the  boundary  layer,  the  larger  the  kg,  obtained.  For  turbulent  gas 

sample  stream  flow  in  the  adsorption  chamber,  kg,  for  the  wire  screen  is 

12  13 

approximated  as  follows:  ' 

kg,  -  (3.91/t)  (D/DwHp/pD) 1/3 (pQsDw/Mc)0’ 425  (3) 

where 

r  -  void  fraction  of  the  screen  element,  dimensionless; 

D  -  explosives  vapor  molecule  diffusion  coefficient  in  the 
sample  gas  at  ambient  temperature,  cm^/sec; 

Dw  -  screen  wire  diameter,  cm; 

It  >»  sample  gas  viscosity,  g/sec-cm; 

p  -  sample  gas  density,  g/cm^;  and 

Ac  -  adsorption  chamber  entrance  area,  cm^. 

Equations  2  and  3  were  used  to  examine  the  mass  transport 
characteristics  of  TNT  molecules  from  an  air  sample  stream  to  a  series  of 
10  stacked  wire  screens  of  various  wire  diameters  and  meshes  available 
commercially,  contained  in  an  annular  cylindrical  adsorption  chamber  1.02 
cm  (0.4  in.)  long  with  9.53-cm  (3.75-in.)  and  7.0-cm  (2.75-in.)  outside  and 
inside  diameters,  respectively.  The  screen  layers  are  separated  by 

approximately  0.56  mm  (0.022  in.).  A  kg,  of  192  cm/sec  is  obtained  with  a 

50-mesh  screen  of  0.023-mra  (0.009-in.)  diameter  wire  to  yield  a  93  percent 
TNT  adsorption  efficiency  at  a  2832-1/min  (100-scfm)  sample  air  stream  flow 
rate  near  20°C. 

5.3  Desorption  and  Transport  Efficiency  (qd) 

The  desorption  process  occurs  in  two  steps:  (1)  desorption  of 

explosives  vapor  molecules  from  the  wire  screens  and  (2)  transport  of 

explosives  vapor  molecules  into  the  purge  gas  and  to  the  detector 

compartment. 

As  an  example,  TNT  molecules  adsorbed  on  the  matrix  surface,  as 
described  later,  begin  desorbing  abruptly  at  approximately  120°  to  130°  0. 
The  heating  time  required  to  obtain  the  temperature  level  and  thus 
accomplish  desorption  from  the  surface  is  approximately  3  sec. 

When  the  wire  screen  matrix  attains  the  desorption  temperature,  the 
explosives  molecules  are  transported  rapidly  (<  40  msec  for  TNT)  into  the 
purge  gas  filling  the  adsorption  chamber.  For  a  2-1/min  purge  gas  flow 
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rate,  the  gas  flow  mode  is  laminar,  thus  permitting  a  second  molecular 

diffusional  process  to  affect  significantly  the  desorption  transport 

efficiency.  In  over-simplified  tei.as,  molecular  back  diffusional  flow  is 

induced  by  the  concentration  gradient  at  the  interface  between  the  purge 

gas  and  the  chamber  residual  gas  containing  explosives  molecules.  The 

effect  is  similar  to  peak  broadening  obtained  in  gas  chromatography.  It  is 

assumed  as  a  worst-case  condition  that  the  back-diffusion  in  the  VapaZorb 

adsorption  chamber  is  similar  to  peak  broadening,  and  the  resulting 

explosives  molecule  concentration  gradient  developed  by  the  process  is 

14 

described  by  a  normal  probability  curve..  For  example,  for  TNT  molecules 
in  a  28.6-cm^  adsorption  chamber  volume  and  a  33.3-cm^/sec  purge  gas  flow 
rate,  the  interface  broadens  from  a  theoretical  plane  of  zero  thickness  to 
a  layer  of  mixed  TNT  and  purge  gas  molecules  thicker  than  0.406  cm  after 
one  adsorption  chamber  volume  exchange  or  0.846  sec. 

For  this  worst-case  condition,  60.6  percent  of  the  remaining  TNT 

molecules  in  the  adsorption  chamber  are  removed  after  each  successive  gas 
volume  exchange,.  On  this  basis,  it  is  estimated  that  98  percent  of  the  TNT 
molecules  desorbe.d  from  the  matrix  surface  will  be  transported  to  the 
detector  compartment  after  4  volume  exchanges  and  a  3. 4-sec  time  increment. 

The  porous  tube  is  in  effect  a  special-purpose  port  for  the  purge  gas 
to  enter  the  adsorption  chamber  at  a  uniform  velocity  with  a  relatively 
wide  front.  Nonuniforra  flow  is  attendant  to  pneumatic  configurations  in 
which  gas  enters  a  chamber  through  small  tubes  or  openings,  e.g.  valves, 

and  subsequently  expands  abruptly  into  a  much  larger  volume.  The 

adsorption  chamber  void  volume  is  minimized  by  the  configuration  of  the 
sample  gas  stream  inlet  and  outlet  valves  shown  in  Figures  3  and  4,  i.e., 
the  large  entrances  and  flat  sealing  surfaces.  A  worst-case  arbitrary 
estimate  of  the  void  volume  attendant  to  the  adsorption  chamber-valve 
configuration  is  10  percent  of  the  total  adsorption  chamber  volume. 

The  adsorption  and  transport  overall  efficiency  is  estimated  as  the 

product  of  the  vapor  desorption  efficiency  from  the  matrix  surface  (100 
percent) ,  _  purge  gas  efficiency  of  transporting  the  vapor  into  the 

detector  compartment  (98  percent) ,  and  the  fraction  of  the  excess  void 
volume  in  the  adsorption  chamber  with  the  inlet  and  outlet  valves  closed, 
i.e.,  *j,j  -  88  percent  .■ 

5.4  Matrix  Heating  and  Cooling 

Cooling  the  wire  screen  matrix  is  accomplished  by  the  convective  action 
of  the  sample  gas  stream,  which  is  near  ambient  temperature  (10°  to  40°  C) . 


i 
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The  heat  transfer  coefficient  In  the  cooling  phase  is  estimated  at  0.156 
W/cm2-°C  (274  Btu/hr-ft2-°F) . 15  To  reduce  the  thermal  mass  of  the  matrix 
and  increase  thermal  conductance,  the  wire  screens  are  fabricated  of 
aluminum.  The  wire  screen  thermal  mass  is  1.68  cal/°C  (1.2  x  10“2  Btu/°F) . 
Cooling  the  matrix  from  130°  to  40°C  in  1  sec  will  require  an  average  heat 
transfer  rate  of  2.05  kW  (7000  Btu/hr) .  The  average  energy  removal  rate  by 
’.he  air  is  1.48  x  104  Btu/hr,  which  cools  the  wire  screens  to  ambient 
Tperature  in  approximately  0.4  sec. 

The  VapaZorb  heater  elements  are  located  in  the  body  of  the  porous 
e.  Power  is  supplied  constantly  to  maintain  the  tube  to  at  least  200° 
C.  The  porous  tube  also  serves  as  a  heat  exchanger;  it  heats  the  purge  gas 
as  it  flows  through  the  tube.  Thus,  heating  the  adsorption  matrix  is 
accomplished  by  conduction  from  the  heated  porous  tube  through  the  metal 
wires  and  the  convective  action  of  the  hot  purge  gas  flowing  past  the 
screens.  The  thermal  conductance  for  0.23-mm  (0.009-in.)  diameter  wire  and 
50-mesh  screen  from  the  porous  tube  to  10  stacked  screens  is  approximately 
1.3  W/°C  (8  Btu/hr - °F) ,  while  the  convective  heat  transfer  conductance  is 
9.66  x  10'^  W/°C  (1.7  Btu/hr-°F).  The  low  heat  transfer  convection 
conductance  reflects  the  much  lower  gas  flow  rate  of  the  purge  gas  stream 
relative  to  the  sample  air  stream.  The  overall  heat  transfer  conductance 
from  the  heated  porous  tube  and  the  hot  purge  gas  is  1.57  W/°C  (9.66 
Bfu/hr-°F) .  For  a  porous  tube  maintained  at  200°  C  and  a  screen  wire 

temperature  at  10°  C,  the  wire  screen  matrix  will  heat  to  the  130°  C 

desorption  temperature  in  less  than  3  sec. 

5.5  Pressure  Losses 

The  characteristics  of  the  sampling  vacuum  pump  and  the  components  of 
the  sample  stream  flow  control  network  of  Figure  1  will  depend  on  the 
detection  system  maximum  allowable  signal  instability  and  the  pressure 
losses  incurred  by  the  sample  stream  in  flowing  through  the  matrix 

adsorption  chamber.  For  the  annular  dimensions  listed  earlier,  the 
pressure  losses  in  passing  2832  1/min  (100  scfm)  of  air  through  the  wire 
screen  adsorption  matrix  is  0.072  atm  (1.06  psi).*^ 

The  characteristics  of  the  components  in  the  purge  gas  flow  rate 
control  network  will  depend  on  the  flow  rate  and  the  pressure  losses 

incurred  in  flowing  radially  through  the  porous  tube.  For  the  tube 
dimensions  listed  earlier  and  with  a  pore  size  of  0.5  pm,  the  pressure 
drop  for  a  2-1/min  (0.071-scfm)  ^urge  gas  flow  rate  is  3.4  atm  (50  psi). 
This  pressure  loss  constrains  tho  purge  gas  flow  regulator  absolute 
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pressure  at  the  purge  inlet  and  perhaps  at  the  torodial  plunger  of  the 
inlet  and  outlet  valves  to  4.42  atm  (65  psi) . 

5.6  Adsorption  Surface 

It  is  important  to  ensure  that  the  adsorption  matrix  surface  obtains 
the  adsorption  and  desorption  characteristics  described  earlier.  Surface 
treatment  of  the  aluminum  wire  screen  will  ensure  a  unity  adsorption 
probability  (i.e.,  unity  sticking  coefficient),  or  at  least  high  and 
constant  adsorption  probability  for  each  explosives  vapor  molecule 
adsorption  surface  collision.  Likewise  it  will  ensure  a  high  desorption 
probability  above  a  specific  temperature  level.. 

To  reduce  heating  and  cooling  times,  the  maximum  and  minimum  desorption 
temperature  level  difference  should  be  reasonably  small,  e.g.,  20°  to  50°  C 
or  smaller  if  permitted  by  the  thermal  characteristics  of  the 
adsorbing/desorbing  surface  and  the  temperature  controller.  To  minimize 
the  matrix  heating  time,  the  desorption  temperature  level  should  be 
reasonably  close  to  the  maximum  ambient  operating  temperature  yet  above  the 
explosives  vapor  adsorption  temperature  of  all  other  materials,  e.g., 
stainless  steel,  aluminum,  etc.,  used  in  the  fabrication  of  the  A/D  module 
and  exposed  to  the  explosives  vapor  molecules.  In  addition,  the  thermal 
characteristics  of  the  adsorption  matrix  are  constrained  to  maximum 
operating  temperatures  below  the  decomposition  temperatures  of  the 
explosives  vapors. 

It  is  probable  that  the  most  uncertain  Icng-renn  operational  aspect  of 
VapaZorb  is  associated  with  the  repeatability  of  the  adsorption  surface 
performance.  Its  empirical  relationships  with  its  operating  parameters 
must  be  defined  to  a  practical  degree  to  establish  repeatable  performance. 
This  includes  defining  coating  fabrication,  preconditioning,  storage,  and 
operational  parameters.  Experimental  data  must  be  obtained  to  define  the 
thermal  adsorption-desorption  cycle  and  the  practical  cycle  life  of  the 
coating. 

For  explosives  preconcentrators  in  general  and  specifically  for 

VapaZorb,  a  thin  coating  of  fused  silica  on  the  aluminum  wire  screens  is  a 
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suitable  adsorbing  surfscs.  ’  Fused  silica  is  selected  primarily  as  the 
adsorbing  surface  because  it  exhibits  high  adsorption  and  desorption 
probabilities  at  reasonably  low  temperature  levels  (<  80°  C  and  >  130°  C, 
respectively)  for  formation  of  a  tightly  bonded  monolayer  of  explosives 
molecules . 
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A  significant  design  engineering  problem  associated  with  a  fused  silica 

coating  on  the  aluminum  wire  screen  arises  from  the  difference  in  thermal 

expansion  coefficients  and  the  repeated  heating  and  cooling  cycles.  It  is 

very  possible  that  because  of  the  thinness  of  the  fused  silica  coating,  the 

stresses  on  the  coating  will  be  minimized  such  that  cracking  and  peeling 

can  be  avoided  over  long  operating  periods.  For  a  16-hr  day.  VapaZorb  will 

experience  4800  heating-cooling  cycles  between  a  80°  and  130°  C,  or  larger, 

temperature  difference.  The  sheering  stress  on  the  aluminum-silica  bond 

will  oscillate  between  500  to  1000  psi  4800  times  each  working  day. 

An  alternate  coating  that  may  be  acceptable  is  TFE  Teflon.®  The 

coating  must  be  very  thin  because  TFE  dissolves  explosives  vapor  molecules 

and  will  induce  a  time  delay  in  the  desorption  process  proportional  to  the 

square  of  the  TFE  coating  thickness..  For  example,  a  0.001-in.  coating  of 
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TFE  will  introduce  a  0.3-  to  0.4 -sec  delay  in  desorbing. 

6 .  PERFORMANCE 

6.1  Specifications 

The  basic  VapaZorb  dimensional,  operating,  and  performance 
specifications  are  listed  in  Table  1.  These  specifications  were  developed 
for  arbitrary  requirements  established  by  a  10-sec  maximum  allowable 
preconcentration  process  cycle  and  a  preconcentration  factor  in  excess  of 
500.  In  addition,  TNT  vapor  was  selected  on  the  model  explosives  vapor 
molecule  to  estimate  transport  properties  and  adsorption  and  desorption 
efficiencies. 

6.2 

Adjustments  to  these  specifications  for  specific  applications  will  be 
primarily  between  preconcentr* '■  ion  factor  cycle  time  as  determined  by 
VapaZorb  control  temperature,  matrix  heating  time,  and  purge  time. 
Constraints  on  the  maximum  allowable  sample  stream  flow  rate  and/or  sample 
air  velocity  affect  the  preconcentration  factor  direct'y. 

The  author  thanks  Susan  Hendrickson  of  the  IITRI-East  Engineering  staff 
for  technical  editing  and  management  of  the  manuscript  preparation. 
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TABLE  1.  VapaZorb  Operating  and  Performance  Specifications 

The  specifications  listed  apply  to  a  TNT  explosives  vapor  species  and 
VapaZorb  using  air  sample  gas  and  dry  nitrogen  purge  gas  between  10°  and 
40°  C. 


Preconcentration  Factor:  720 

Cycle  Time  (s):.  8,9 

Sampling  Time  (s):  2 

Sample  Gas  Flow  Rate  (1/min):,  2832 

Purge  Time  (s):  3.4 

Purge  Gas  Flow  Rate  (1/min):  2 

Matrix  Cooling  Time  (s):  <  0.5 

Matrix  Heating  Time  (s):  3.0 

Adsorption  Efficiency:  0.98 

Desorption  and  Transport  Efficiency:  0.88 

Control  Temperature  (°C) :  200 

Adsorption  Temperature  (°C):  <  50 

Desorption  Temperature  (°C):  120-130 

Warm  Up  Time  (rain) :  30 

Heating  Power  (W) :  1000 

Semple  Gas  Pressure  Loss  (atm):  0.072 

Purge  Gas  Pressure  Loss  (atm):  3.4 
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A  BIOLUMINESCENT  EXPLOSIVES  VAPOR  DETECTION 
AND  IDENTIFICATION  SYSTEM 

E.M.  toreafe 

U.S.  Army  Belvoir  RD&E  Center 

Fort  Belvoir,  Virginia  22060-5606  USA 

ABSTRACT 

A  breadboard  TNT  vapor  detection  system  utilizing  an  enzyme  that 
catalyzes  the  reduction  of  TNT  molecules  has  been  developed  by  the  U.S.  Army. 
It  has  a  TNT-in-air  minimum  detectable  concentration  of  0.01  ppt  (v/v) ,  which 
can  be  achieved  in  a  total  analysis  time  of  10  min.  An  examination  of  the 
enzyme  catalysis  rate  shows  that  the  system  is  highly  specific  to  TNT.  The 
system  shows  a  0.028  relative  response  to  DNT  and  a  zero  relative  response  to 
PETN,  RDX,  EGDN,  NG,  DEGDN,  HMX,  and  Semtex.  The  primary  interferent  species 
appear  to  be  nltroheterocyclic  compounds.  Nitrofuran  and  nitropyrine  have 
an  equivalent  interferent  response  near  that  of  DNT.  This  development  shows 
that  a  multi-explosives  vapor  detection  and  identification  system  can  be 
developed.  Its  operation  is  based  on  using  an  array  of  reaction  cells,  each 
containing. a  single  immobilized  enzyme  specific  to  an  individual  explosives 
vapor  molecule  and  a  single  cell  comprising  a  co- immobilized  mixture  of  all 
the  explosives  molecule  enzymes. 

1.  INTRODUCTION 

The  U.S.  Army  Belvoir  Research,  Development  and  Engineering  Center 
(BRDEC)  has  developed  a  breadboard  bioluminescent  trinitrotoluene  (TNT) 
detection  system  using  an  enzyme  and  liquid  reagents  with  a  response  specific 
to  TNT  (1,2).  A  reaction  cell  containing  the  enzyme  immobilized  on  a  solid 
substrate  reacts  with  a  liquid  sample  stream  to  subsequently  produce  a 
bioluminescence  in  a  second  reaction  cell  with  an  intensity  that  is  inversely 
proportional  to  the  TNT  concentration  in  air  (3).-  The  system  can  be  used  to 
detect  gas-phase  TNT  vapor  molecules  at  low-level  concentrations  in 
enclosures. 

Based  on  the  breadboard  TNT  detection  system  developed,  an  identical 
design  approach  can  be  used  to  detect  and  identify  vapors  from  several 
different  explosives.  The  approach  uses  specific  enzymes  responsive  to 
specific  explosives  to  perform  the  bioluminescent  transduction.- 

Work  is  planned  to  develop  enzymes  responsive  to  other  explosives,  such 
as  nitroglycerine  (NG)  and  ethylene  glycoldinitrate  (EGDN),  to  catalyze 
similar  type  reactions  between  the  reagents  and  the  NG  and  EGDN  molecules. 
Enzyme  development  for  other  explosives,  such  as  l,3,5-trinitro-l,3,5- 
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triazacyclohexane  (RDX) ,  l,3,5,7-tetranitro-l,3,5,7-tetrazacycloctane  (Hitt) , 
and  pentaerythritol  tetranitrate  (PETN)  will  follow. 

EXPLOSIVES  VAPOR  MONITORING 

Vapor  monitoring  systems  that  detect  the  presence  of  a  clandestine 
explosives  cache  will  require  ultra- low- level  detection  capabilities  (4)  as 
summarized  in  Table  1.  After  examining  the  user  requirements  and  the 
performance  characteristics  of  the  explosives  vapor  detection  and 
identification  systems,  it  is  obvious  that  the  utility  of  the  bioluminescent 
detection  system  is  restricted  primarily  to  enclosure  monitoring  applications 
and  suspect  site  predetonation  examination.  The  requirements  most  critically 
affecting  the  performance  specifications  of  the  bioluminescent  system  are  the 
processing  time  to  perform  the  oetection  and  identification  and  the  false-  and 
missed- alarm  probabilities. 

Further  examination  of  the  detection  requirements  and  consideration  of 
the  practical  aspects  of  the  detection  procedures  (4,5)  suggest  a  minimum 
detectable  concentration  (MDC)  of  0.001  ppt  and  an  alarm  set  point 
concentration  level  near  0.005  ppt. 

Online  gas  stream  monitoring  systems  operating  at  ultra- low- level 
detection  limits,  e.g.,  <  1  ppt  (v/v) ,  require  extractive  analytical 
techniques  with  a  special-purpose  sample  train  and  a  vapor- generating  gas 
calibration  device  in  support  of  the  detector  module.  The  bioluminescent 
sample  train  provides  extensive  sample  processing  (4,5)  in  the  form  of  large 
sample  preconcentration  and  can  effect  a  gas-  to  liquid-phase  interface.  A 
vapor -generating  calibrator  is  used  to  periodically  and  quantitatively  assess, 
by  a  vapor  challenge,  the  system  signal  and  zero  instabilities  such  that 
periodic  system  response  readjustments  can  be  made  to  null  these 
instabilities.  Frequent  calibrations  will  reduce  the  system  false-alarm 
probability.  Figure  1  illustrates  these  modules  in  the  basic  configuration 
of  an  ultra -low- level  vapor  monitoring  system. 

A  review  of  the  MDC  and  other  performance  characteristics  of  explosives 
detector  modules  available  commercially  (6-9)  and  in  development  indicates 
that  the  s-uaple  train  must  transport  explosives  vapor  molecules  efficiently 
to  the  detector  module,  i.e.,  with  a  minimum  sample  loss,  and  produce  massive 
explosives  vapor  bioluminescent  preconcentration  (4).  In  the  bioluminescent 
TNT  detection  system,  these  functions  are  performed  by  the  sample  train  in  the 
TNT  detection  system,  thus  permitting  the  detector  module  to  attain  a  TNT  MDC 
near  0.01  ppt  (v/v)  in  air  in  a  10-min  detection  cycle.  An  MDC  near  0.001  ppt 
can  be  attained  by  Improvements  to  the  system  liquid  stream  transport 
components  and  signal  processing.  In  addition,  it  is  estimated  by  engineering 
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analysis  that  these  improvements  to  the  bioluainescent  TNT  detection  system 
will  permit  operation  near  0.018  ppt  alarm  set  point  concentration  levels  with 
false-  and  missed-alarm  probabilities  of  0.27  percent  over  8-hr  operating 
periods  with  a  single  30 -min  calibration  episode. 

3.  TNT  EXPLOSIVES  VAPOR  DETECTION  SYSTEM 

Operation  of  the  bioluainescent  TNT  explosives  vapor  detection  system  is 
based  on  the  action  of  the  individual  modules  of  Figure  1  on  a  sample 
airstream. 

In  general,  the  bioluainescent  signal  is  obtained  by  a  series  of  chemical 
reactions  (10,11),  which  occur  in  the  detector  module.  Two  primary  reactions 
can  occur:  cne  reaction  with  TNT  absent  and  the  second  with  TNT  present.  The 
reagents  react  in  the  TNT,„  reaction  cell  of  Figure  2  as  follows: 

NADH  +  FMN  +  H+  ---->  NAD+  +  FMNH2  (a) 

The  second  reaction  occurring  with  TNT  molecules  is  the  reduction  of  TNT 
promoted  by  the  catalytic  action  of  the  TNT  enzyme,  with  the  TNT  reductase: 

TNT  +  NADH  +  H+ - >  TNTrid+  +  NAD+  +  H'  (b) 

Reaction  (b)  competes  directly  with  reaction  (a)  for  NADH,  resulting  in 
a  proportional  decrease  in  the  amount  of  FMNH2  and,  subsequently,  a  decrease 
in  the  intensity  of  bioluminescence  produced  in  the  second  reaction  cell  or 
bioluminescence  reaction  cell  as  described  below  by  reaction  (c)  .  The  TNT 
concentration  in  the  liquid  stream  is  inversely  proportional  to  the  decrease 
of  biolurainescent  intensity  (1,12)  as  measured  by  a  light  detector 
(photomultiplier  tube). 

The  reaction  products  and  the  remnants  of  the  three  liquid  streams  of 
Figure  2  are  transported  in  a  single  stream  to  the  second  reactor,  the 
bioluminescence  reaction  cell  as  shown  in  Figure  2.  where  the  following 
reaction  occurs: 

FMNH2  +  RCH0  +  02 - >  FMN  +  RCOOH  +  H20  +  hv  (c) 

Reaction  (c)  is  catalyzed  by  an  oxidoreductase  and  by  bacterial 

luciferase  (2,13).  It  utilizes  the  FMNH2  in  the  presence  of  a  long  chain 
aldehyde  and  oxyger.  to  produce  the  bioluminescence  (h  v  ) .  Both  catalysts  are 
co- immobilized  on  the  reaction  cell  matrixes  (14,15). 

The  overall  process  is  described  by  tracing  the  flow  of  the  TNT  molecules 
through  the  network  of  Figure  2. 

3.1  Semple  Train 

The  sample  train  performs  the  gas -phase  sampling,  preconcentration,  and 
detector  module  interface  functions.  Its  operation  is  based  on  the  action  of 
a  liquid  gas  extractor  (16,17).  The  preconcentration  factor  obtained  is 

approximately  107,000  operating  with  a  150-1/min  sample  airstream  for  5  min 
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with  a  50  percent  extraction  efficiency.  This  produces  a  3.5-ml  liquid  water 
sample. 

The  system  operates  in  an  automated  batch  mode  over  a  specific  time 
period.  A  sample  airstream  passes  continuously  through  the  sample  train. 
Simultaneously,  a  recirculating  liquid  water  stream  flowing  in  the  sample 
train  extracts  a  large  fraction  of  the  TNT  molecules  from  the  airstream  and 
stores  and  accumulates  them  in  liquid  solution.  At  the  end  of  the  sampling 
period,  the  liquid  solution  is  removed  from  the  sample  train  and  is 
transported  to  the  detector  module  for  analysis  (5)..  In  effect,  a  gas-phase 
sample  is  transformed  into  a  liquid  sample  to  interface  with  the  liquid-phase 
detector  module.  In  addition,  the  TNT  sample  is  preconcentrated. 

3.2  Detector  Module 

Figure  2  is  a  schematic  network  of  the  detector  module.  It  comprises  the 
hydrodynamic  network,  reagent  reservoirs ,  liquid  sample  stream,  TNT,,,  and 
bioluminescence  reaction  cells,  and  light  detector. 

Practical  implementation  of  this  detector  module  is  based  on  the 
fabrication  of  the  TNT,,,  and  bioluminescence  reaction  cells.  It  is 
accomplished  with  a  heterogeneous  reactor  bed  onto  which  the  TNT,,,  enzyme  is 
efficiently  immobilized  in  the  TNT,,,  reaction  cell,  while  the  bacterial 
luclferase  and  oxidoreductase  enzymes  are  co- immobilized  in  the 
bioluminescence  reaction  cell.  A  microbore  guard  column  packed  with  activated 
sepharose  4B  matrix  comprises  the  TNT,,,  reaction  cell.  It  is  a  CTFE  rod  with 
a  drilled  hole  1  mm  in  diameter  and  2  cm  long..  The  bioluminescence  cell  is 
a  10-  1  Drummond  Microcap  column  packed  with  activated  sepharose  4B  matrix 
(14,15).  Figure  3  depicts  the  bioluminescence  reaction  cell  assembly. 

As  described  earlier,  the  sample  liquid  stream  converges  continuously 
with  reagent  streams  at  a  heterogeneous  chemical  reactor,  the  TNT,,,  reaction 
cell  of  Figure  2.  The  TNT  and  reagent  reaction  is  catalyzed  by  the  TNT  enzyme 
immobilized  on  the  surface  of  the  reactor  bed  as  described  by  reaction  (b). 
Subsequently,  the  reaction  product  stream  flows  to  the  bioluminescence 
reaction  cell,  where  the  bioluminescence  occurs,  reaction  (c),  producing 
bioluminescence  as  one  of  the  reaction  products.  The  bioluminescence 
intensity  is  inversely  proportional  to  the  TNT  vapor  concentration  in  air 
(15). 

Table  2  (18)  lists  data  on  the  performance  of  the  TNT  bioluminescence 
detector  module  breadboard.  A  0.25-ppt  TNT  concentration  level  in  air  is 
detectable,  i.e.,  MDC  -  0.25  ppt,  after  a  20-rain  sample  time  by  the  sample 
train.  The  performance  specifications  of  the  modules  in  the  system  are 
adequate  for  the  TNT  vapor  monitoring  application  described  earlier.  The 
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detector  module  total  time  required  to  perform  the  transduction  is  less  than 
103  sec.  Most  of  the  time  required  for  the  detection  is  in  the 
preconcentration  process. 

Experimental  work  is  currently  in  progress  to  determine  the  detector 
module  zero  and  span  instabilities..  The  span  and  zero  instabilities  obtained 
to  date  show  that  additional  work  is  required  to  stabilize  both  react  Jons  (a) 
and  (c)  or  reaction  (c)  alone.  Obtaining  low  zero  and  span  drifts  is  of 
significant  importance  in  minimizing  the  system  false-alarm  probability  (18). 

3.3  Calibrator 

A  system  explosives  vapor  challenge  is  performed  periodically  by  a 
calibrator.  Calibration  gas  is  produced  in  a  thermally  controlled,  packed-bed 
column  containing  a  pure  TNT  coating  on  the  bed  particles  (17,19). 

3.4  Specificity  and  Interferent  Responses 

A  quantitative  indication  of  the  TNT,,,  specificity  to  TNT  was  obtained 
by  subjecting  a  variety  cf  explosives  and  possible  interferent  species  to  a 
prescreening  process  by  the  methods  of  the  Michaelis -Menton  kinetic  assessment 
(20).  This  method  provides  a  valid  assessment  for  zero  relative  response 
measurements,  i.e..  a  zero  relative  response  measurement  with  the 
Michaelis -Menton  surely  means  a  zero  relative  response  of  the  TNT  vapor 
detection  system.  A  greater  than  zero  response,  however,  usually  requires 
further  quantitative  verification  obtained  from  the  detection  system  response . 

A  Cary  Spectrophotometer  model  was  used  to  measure  the  relative  responses 
of  various  explosives  and  possible  interferents  to  that  response  obtained  from 
the  TNT  exposure  to  the  TNT  enzyme.  The  reference  cell  contained  buffer  (50 
mM  acetone,  50  mM  MES,  100  mM  TRIS  at  pH  -  7.0,  total  volume  of  990  yl)  plus 
10  yl  of  the  TNT  enzyme.  The  sample  cell  contained  buffer,  10  yl  TNT  enzyme, 
10  yl  30  mM  NADH,  and  10  yl  of  the  explosive  or  Interferent. 

PETN,  RDX,  EGDN,  NG,  diehtylineglycol  dinitrate  (DEGDN),  HMX,  and  Semtex 
showed  zero  relative  response  to  TNT.  Nitropyradine  had  a  0.028  relative 
response  to  TNT.  Dinltrotoluene  (DNT),  nitrofuran,  and  nitropyradine.  The 
relative  response  measurements  showed  an  adequate  specificity  to  TNT,  thus 
excluding  a  response  to  other  types  of  explosives.  A  small  but  measurable 
relative  response  to  nitroheterocyclic  compounds  appeared.  Further  work  is 
required  to  determine  the  interferent  TNT  equivalent  response  of  these 
compounds . 

4.  MULTI -EXPLOSIVES  VAPOR  DETECTION  AND  IDENTIFICATION  SYSTEM 

The  prescreening  process  provided  the  expected  results.  The  enzyme  was 
specific,  as  anticipated,  and  reacted  only  with  compounds  of  similar  structure 
to  TNT,  but  with  less  intensity.  The  specificity  of  enzymes  suggests  the 
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possible  development  of  a  multi-explosives  vapor  detection  and  identification 
system.  By  developing  separate  enzymes  for  each  explosive  or  family  of 
explosives,  the  detection  system  will  also  be  able  to  identify  which 
explosives  are  present  and  in  what  quantity. 

The  U.S.  Army  is  examining  the  feasibility  and  utility  of  a 
multi-explosives  vapor  detection  and  identification  system  using  enzymatic 
bioluminescent  techniques.  It  appears  that  the  system  can  be  of  significant 
utility  in  pre-  and  post-bomb  detonation  inspection  scenarios  (21).  A  system 
exhibiting  performance  specifications  similar  to  those  of  Table  2  for  the 
bioluminescent  TNT  detection  system  is  adequate  for  monitoring  enclosures  (as 
summarized  by  Table  1)  for  the  explosives  most  favored  by  terrorists  or 
underworld  bombers. 

The  multi-explosives  detection  and  identification  system  comprises  the 
modules  of  Figure  1.  A  calibratoi’  or  vapor  generator  carrying  a  multitude  of 
explosives  sources  will  be  required,  otherwise  the  system  is  identical  to  the 
TNT  vapor  generator  (17,19),  including  the  sample  train  (16,17)., 

An  array  of  enzymatic  reaction  cells  are  required  by  the  detector  module, 
each  specific  to  a  corresponding  type  of  explosive.  For  example,  one 
configuration  of  the  detector  module  is  shown  by  Figure  4.,  Four  reaction 
cells  are  arrayed  in  parallel  hydrodynamlcally:  an  EXPLO,,,  reaction  cell, 
a  TNT.,,  reaction  cell,  a  PETN...  reaction  cell,  and  an  RDX„.  reaction  cell. 
Each  reaction  cell  of  Figure  4  is  identical  to  the  TNT,,,  reaction  cells 
described  earlier  and  differs  only  in  that  each  is  provided  with  the 
corresponding  immobilized  enzyme  responsive  to  individual  types  of  explosives. 
The  EXPLO,,.  reaction  cell  carries  all  the  enzymes  co- immobilized  on  the 
substrate. 

Reagent  and  sample  streams  flow  continuously  and  converge  at  the  inlet 
of  each  reaction  cell.  Each  stream  thereafter  flows  through  its  corresponding 
reaction  cell  and  3-way  valve  (VE,  VT,  Vt,  and  VR) .  At  this  juncture,  the 
resulting  streams  are  diverted  by  each  valve  to  waste  (W)  or  to  the 
bioluminescence  reaction  cell. 

For  the  no- general -alarm  condition,  i.e.,  TNT,  PETN,  and/or  RDX  vapors 
are  absent  in  the  sample  or  are  present  at  concentration  levels  below  the  MDC 
of  the  system,  the  liquid  sample  and  reagent  streams  flow  continuously  through 
the  network  of  Figure  4.  The  stream  emanating  from  the  EXPLO,,,  reaction  cell 
is  diverted  by  VE  to  the  bioluminescence  reaction  cell  and  ultimately  to 
waste.  Concurrently,  the  liquid  streams  emanating  from  the  TNT,,.,  PETN,,,, 
and  RDX„.  reaction  cells  are  diverted  to  waste  by  VT,  Vp,  and  VR, 
respectively. 
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In  the  event  of  a  general  alarm,  the  module  3 -way  valves  are  programmed 
into  a  sequential  diversion  of  each  reaction  cell  stream  from  waste  to  the 
bioluminescence  reaction  cell.  During  the  entire  sequential  stream  diversion 
process,  VE  diverts  the  EXPLO,,.  stream  to  waste.  An  identification  of  the 
explosives  vapor  species  is  obtained  by  the  stream  that  initiates  a  specific 
alarm,  i.e.,  specific  to  the  stream  flowing  through  the  bioluminescence  cell 
at  the  time  of  the  alarm. 

The  system  is  not  limited  to  the  three  explosives  species  shown  in  Figure 

4.  Additional  reaction  cells  may  be  added  to  the  network  as  is  deemed 
practical. 

For  the  four  stream  networks  depicted  by  Figure  4,  the  total  sample  flow 
rate  is  approximately  0.148  ml/min  or  0.037  ml/min  per  stream,  and  the  total 
reagent  flow  rate  is  0.296  ml/min  or  0.074  ml/min  per  stream.  On  the  basis 
of  the  bioluminescent  TNT  vapor  detection  system,  the  time  required  to  perform 
the  entire  sequence  is  approximately  515  sec  (103  sec  per  stream) .  An 
additional  103  sec  is  required  to  clear  the  lines  at  the  start  of  each 
sequence.  A  time  increment  of  103  sec  is  added  to  the  sequence  for  each 
additional  stream  added.  The  minimum  total  volume  of  liquid  sample  required 
per  cycle  is  1.27  ml,  and  the  total  processing  time  is  8.58  min. 

5.  CONCLUSIONS 

With  the  completion  of  the  prescreening  tests  on  the  TNT  enzyme,  and 
based  on  the  results  obtained,  BRDEC  concludes  that  a  multi-explosives  vapor 
detection  and  identification  system  can  be  successfully  developed.  It  will 
require  replacing  several  components  currently  comprising  the  TNT  detector 
module,  such  as  sample  and  reagent  stream  flow  rate  control  components  and 
cooling  the  photomultiplier  tube  to  reduce  the  detector  module  noise  level 
(22).  Rigorous  production  control  techniques  must  be  developed  and 
implemented  in  the  assembly  of  the  EXFL0,,.  and  bioluminescence  reaction  cells 
to  minimize  zero  and  span  drift. 

Work  on  a  multi-explosives  vapor  detection  and  identification  breadboard 
system  will  be  deferred  until  reaction  cells  are  produced  that  incorporate 
co- immobilized  enzymes  for  several  types  of  explosives.  Interferent  tests 
will  be  performed  with  the  chosen  explosives  catalysts  with  verification  by 
a  reference  technique. 

M^OTLEPCBMBW 
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Figure  4. 

Bioluminescent  Explosives  Vapor  Detection  and  Identification  Module 
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Table  1. 

Explosive*  Vapor  Detection  System  User  Requirements  and  Performance  Specifications  <4-5> 


Appiication/Raqoii*ment 

processing 

Item/Personnel  Examination 
(<t  Processing  Station 

Searching 

Area  Search 
and  Examination 

Monitoring 

Enciosum 

Monitoring 

Maximum  Missed-Alarm  Probability 

<  5  x  ,0-4 

<  5  x  10“4 

<  5  x  10"4 

Maximum  False- Alarm  Probability 

<5  x  10'4 

<0.05 

<  5  x  IC-4 

Processing/Examination  Rate 

15  (Item-People/Mi.'i ) 

28m3  (1000  Ft3/Min) 

Continuous 

Minimum  Detectable  Concentration 
(a  Sample  Train  Inlet,  ppt 

* 

1 

0.001 

Maximum  Allowable  Alarm 

Set  Point  Concentration,  ppt 

5 

5 

0.005 

Maximum  Allowable  False- 
Alarm  Probability  <?i  5  ppt 

<  10-4 

<  0.04 

10“4 

Maximum  Allowable  Missed- 
Alarm  Probability  (a  10  ppt 

<  10"4 

<  0.04 

<  10-4 

Maximum  False-Alaim  Probability 
with  Interferent  1  ppt 

2.3  x  10-3 

<0.06 

23  x  10*3 

Maximum  Missed-Alam  Probability 
v.ith  intorlerent  <?<  1  ppt 

2.3  x  IQ"3 

<006 

23  x  10-3 
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Table  2.  Operating  Specifications* ** 


Tie  system  operating  parameters  are  selected  to  obtain  a  system  response 
to  TNT- in-air  samples..  To  generate  the  TNT  concentration  samples  over  the 
0.01-  to  1.0-ppt  range,  the  outtut  TNT  concentration  of  the  calibrator  must 
be  varied  by  a  combination  of  changes  to  the  calibrator  output  flow  rate  and 
TNT  coJunm  temperature.  Specifications  were  obtained  from  independent  module 
tests . 


Train  (18) 

Sample  Her*  t4t«  (1/mln) 

Liqulc  vo*txrw  discharge  (n>i  > 
Ssmpi ing  time  (min) 

TNT  Inpot  concentration  (ppt)A* 
Preconcentration- 

vl)  5 -min  sample  time 
(2)  2C-irin  sample  time 

Calibrator  (18) 

Column  trmperatura  (°C) 

TNT  output  concentration  (ppb) 
Cartier  gas  flow  rate  (ml /min) 

Detector  Module4 


ISO 

3.5 

5,  10,  15,  20 
0.014  to  0.28 

107,000 

429.000 


5  to  20 
0.7  to  3.5 
3  to  12 


D* -tonal  f lov  ret#  (ml /min) 

1KN  flow  rate  (ml /min) 

Semple  flow  rate  (ml /min) 

Noise  equivalent  TNT  concent rat Ion44  In 
liquid  solution  (nM/1) 

Minimum  detectable  concentration  (ppt): 

(1)  5 -min  sample  time 

(2)  20-mln  sample  time 
Average  time  rate-of-reeponse  (s): 

(1)  rise  time 

(2)  fail  tima 

(3)  lag  time 

(4)  total  time 
Linearity  (percent) 

Span  drift  (percent  full  scale /h) 

Zero  drift  (percent  full  scale/h) 

Int erf* rent  equivalent  response  (ppt) 


0.037 
0  037 
0.037 


2.4 


1 

0.25 

53 

53 

50 

103 

Experiments  in  progress 
Experiments  in  pr  igress 
Experiments  in  progress 
Experiments  in  pr'vgress 


*  d.p.  Luc«ro,  »n4..Sy.«t.y»JUgn  12,  ism,.  ?■  222. 

**  Resultant  TNT  input  concentration  after  mixing  calibrator  output  gas  flow  (3  to  12  ml  Min) 
and  sample  train  aampie  flow  (150  1/mln). 

4  federal  Realfter  40,  33.  1975,  pp.  7053-7057. 

44  Noise  equivalent  concentration  of  TNT  in  air  has  no  direst  «a«r\n(  because  MDC  is  determined 
by  preconcentration.  Noise  reduction  is  related  only  to  liquid  detector  module. 
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COMPARISON  OF  DIFFERENT  TECHNIQUES  FOR  THE 
HEADSPACE  ANALYSIS  OF  BXPLOSIVBS 

John  R .  Hobbs  and  Edward  Conde 

Transportation  Systems  Center 

Research  and  Special  Programs  Administration 

U.  S.  Department  of  Transportation 

Kendall  Square,  Cambridge,  Mass.  02142,  USA 

ABSTRACT 

Various  sampling  and  analysis  methods  were  used  to  analyze  the 
headspace  vapors  over  various  explosives  samples  in  order  to 
characterize  them.  Sampling  techniques  such  as  direct 
headspace  sampling,  trapping  on  Tenax  with  thermal  release,  and 
sampling  onto  coated  platinum  wire  with  subsequent  thermal 
release  were  investigated.  Detection  techniques  used  included 
Ion  Mobility  Spectrometry,  Capillary  Gas  Chromatography  with 
Electron  Capture  Detection,  and  Capillary  Gas  Chromatography  with 
Mass  Spectrometry.  The  results  show  that  certain  sampling 
techniques  and  certain  detection  techniques  can  provide  more 
inf  or  atzon  than  other  techniques,  and  that  some  methods  can 
provide  faster  preliminary  information. 

i.  iiQims. 

The  characterization  of  the  headspace  volume  above 
explosives  continues  *.o  fcr  or  interest  tc  those  attempting  to 
detect-  explosives  b^  sampling  their  emitteA  vapors.  In  the 


course  of  the  measurement  o£  TNT  vaport  \n  soil  samples  over 


41-2 


buried  land  nines,  the  method  of  choice  was  extraction  of  the 
soil  with  acetone  and  analysis  of  the  extract  by  capillary  gas 
chromatography  with  detection  by  thermal  energy  analysis  {GC- 
TEA) .  When  no  TNT  was  found  from  samples  buried  forone  year,  it 
was  decided  to  sample  the  soil  headspace  with  the  ion  mobility 
spectrometer  (IMS) .  The  results  of  this  sample  clearly  revealed 
the  presence  of  TNT.  Based  on  this  result,  the  soil  extracts 
were  then  re-examined  using  capillary  gas  chromatography  with 
electron  capture  detection  (GC-ECB) ,  and  the  THT  was  detected  in 
all  the  earlier  samples  that  did  not  show  TNT  by  GC-TBA.  This 
result  clearly  shows  that  much  time  and  effort  could  have  been 
saved  had  th®  correct  technique  been  used  initially.  It  is  the 
purpose  of  the  work  reported  in  this  paper  to  present  a 
comparison  of  various  headspace  techniques  that  were  utilized  and 
th©  results  obtained  by  each.  Of  the  methods  investigated, 
trapping  on  Tenax  and  thermal  release  directly  into  the  injector 
of  a  gas  chromatograph  with  electron  capture  detection  appeared 
to  offer  the  best  results.  Tb©  advantages  and  disadvantages  of 
the  methods  studied  will  be  discussed. 

2.  8XPSSIK3NTAL 

2.1  Sampling  Methods 

The  explosives  samples  were  placed  into  glass  jars  equipped 
with  plastic  lids  lined  with  teflon.  Two  holes  were  drilled  into 
the  lid  and  teflon  liner  so  that  two  sealed  disposable  pip&ts 
could  easily  b«  inserted  snd  removed  from  the  lid.  Sampling  onto 
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the  coated  platinum  wire  was  done  using  the  Xontech  Model  7101 
portable  sampler  and  cartridge  shown  in  Figure  1.  The  sampler 

inlet  was  placed  into  the  jar  with  explosives  and  the  sampler 
turned  on  for  the  desired  sample  time.  The  Tenax  traps  were 
Chemical  Data  Systems  (CDS)  stainless  steel  traps  6"  long  x  1/4“ 
OD,  packed  with  Tenax  and  threaded  on  one  end  with  10/32  threads. 
Sampling  onto  the  Tenax  traps  was  accomplished  using  a  constant 
volume  sampler  (1)  connected  to  the  Tenax  trap.  The  trap  was 
placed  into  the  explosives  sample  jar  through  one  of  the  drilled 
holes  and  helium  purge  gas  was  flowed  into  the  jar  through  the 
other  drilled  hole.  The  flow  of  the  constant  volume  sampler  and 
the  helium  purge  flow  were  adjusted  for  proper  flow  through  the 
Tenax  trap.  After  the  proper  sample  time,  the  Tenax  trap  was 
removed  for  analysis. 


! 


2.2  Desorption  Methods 


Two  thermal  desorption  methods  were  used.  The  first 
apparatus  was  the  Chemical  Data  Systems  Model  320  Thermal 
desorption  unit.  In  this  unit  the  stainless  steel  Tenax  trap 
was  thermally  desorbed  at  146  C  with  helium  gas  at  30  milliliter 
per  minute.  The  desorbed  sample  was  then  trapped  internally  in 
the  unit  on  another,  longer  Tenax  trap.  From  this  trap,  the 
sample  was  again  thermally  desorbed  onto  the  front  of  another 
Tenax  trap  where  it  was  finally  desorbed  and  backf lushed  through 
a  heated  transfer  line  to  the  gas  chromatograph  for  analysis. 
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The  second  thermal  desorption  apparatus  consisted  of  a 
Luer-Iioc  fitting  with  a  10/32  male  thread  and  an  O-ring  which 
was  screwed  into  the  threaded  end  of  the  stainless  steel  Tenax 
trap.  Next,  a  syringe  needle  was  attached  to  the  Luer-hoc 
fitting  and  the  other  end  of  tha  trap  was  connected  to  a  Teflon 
connector  which  in  turn  was  connected  to  a  10  milliliter  per 
minute  helium  flow  (Figure  2) .  This  entire  assembly  was  inserted 
through  a  hole  dxv.lled  in  an  aluminum  block  that  was  heated  by  a 
temperature  controlled  heating  mantle  and  into  tha  septum  of  the 
gas  chromatograph.  A  thermocouple  to  measure  the  desorption 
temperature  was  placed  into  the  aluminum  block  next  to  the  Tenax 
trap  (Figure  3} . 

The  desorption  method  used  for  the  Xonteeh  platinum  wire 
concentrator  is  shown  in  figure  4  and  has  been  described  in 
detail  elsewhere  (2) . 

2.3  ARSiyU.cal  Methods 

A  Hewlett  Packard  5890  gas  chromatograph  was  used  both  with 
the  electron  capture  detector  and  and  with  a  Hewlett  Packard 
59708  mass  selective  detector  coupled  via  a  direct  interface.  In 
both  cases  the  samples  were  introduced  into  a  split  injector, 
with  the  total  split  flow  set  to  2  milliliter  per  minute.  The 
column  used  with  the  electron  capture  detector  was  a  15  meter 
SupeJco  SPB-5  held  at  40  C  for  ten  minutes,  temperature 
programmed  to  140  C  at  a  rate  of  10  C/min,  and  finally  held  a  140 
C  for  30  minutes.  The  column  used  with  the  mass  selective 
detector  was  a  30  meter  J&W  Scientific  DB-5,  operated  as  above. 
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A  Franklin  GNO  Beta  7  Ion  Mobility  Spectrometer  (IMS)  was 
used  in  the  atmospheric  sampling  mode  to  analyze  vapors  trapped 
on  the  Tenax  traps.  The  same  stainless  steel  Tenax  traps  were 
used  without  the  needle  and  the  O-ring.  Medical  air  was  flowed 
through  the  Tenax  trap  at  10  milliliters  per  minute,  and  the 
entire  trap  was  placed  in  the  heated  quartz  inlet  of  the  IMS. 
The  IMS  was  operated  at  atmospheric  pressure  and  200  C.  The 
drift  gas  was  air  at  a  flow  rate  of  500  milliliters  per  minute, 
the  carrier  gas  was  air  at  a  flow  rate  of  100  milliliters  per 
minute,  and  the  exit  vacuum  flow  was  set  at  700  milliliters  per 
minute.  As  a  result  of  these  conditions,  200  milliliters  per 
minute  of  room  air  were  continuously  drawn  into  the  heated  inlet. 
The  trapped  material  from  the  Tenax  trap  was  desorbed  into  this 
air  stream  and  analyzed. 

IMS  studies  were  also  made  when  sampling  the  headspace 
vapors  directly  into  the  heated  inlet  of  the  IMS  unit  operated  as 
above . 

3.  RESULTS 

The  explosives  samples  studied  in  this  investigation  were 
Semtex,  Hercules  40-percent  dynamite.  Atlas  KC N  slurry 
explosive,  and  Hercules  Unique  double-based  propellant.  These 
explosives  were  chosen  because  they  represent  a  wide  variety  of 
explosives  and  offer  a  wide  range  of  vapor  pressures  to 
investigate.  The  data  will  be  discussed  in  terms  of  the 
headspace  method  used  and  results  for  each  explosive  will  be 
compared . 
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3.1  Xontech  Platinum  Wire  Concentrator 

The  Xontech  platinum  wire  concentrator  only  worked 
marginally  for  the  40  percent  dynamite  sample.  Although  a 
capillary  column  was  used,  the  peaks  were  broad  and  the 
resolution  was  poor.  These  results  are  probably  due  to  the 
large  diameter  of  the  sampling  head  causing  peak  broadening  and 
sample  loss.  In  addition,  either  the  concentration  of  headspace 
vapors  from  the  other  explosives  was  too  low  for  detection  or, 
the  coating  on  the  platinum  wire  was  not  optimum  for  their 
adsorption.  This  headspace  concentrator  was  the  least  effective 
of  the  three  investigated. 

3.2  Chemical  Data  Systems  Model  320  Concentrator 

The  results  using  the  Chemical  Data  Systems  Model  320 
concentrator  are  shown  in  Figures  5  through  8 .  Figure  5  shows 
the  GC-ECD  capillary  chromatogram  of  a  5  second  headspace  sample 
above  the  40-percent  Hercules  dynamite.  The  peaks  at  retention 
times  16.2  and  22.1  minutes  were  identified  by  retention  time 
measurements  as  ethylene  glycol  dinitrate  (EGDN)  and 
nitroglycerine  (NG) ,  respectively.  The  other  peaks  in  the 
chromatogram  nsvs  not  be  identified. 

The  GC-ECD  chromatogram  of  the  headspace  vapors  above  Atlas 
NCN  slurry  explosive  is  shown  in  Figure  6.  The  peak  at  retention 
time  16.2  minutes  is  a  trace  of  EGDN  contamination  as  determined 
from  data  previously  reported  on  this  sample  (2) .  The  other 
peaks  have  not  be  identified.  There  is  some  indication  from 
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retention  time  measurements  that  the  peak  at  retention  time  2.3 
minutes  may  be  due  to  nitromethane,  but  this  has  not  been 
confirmed. 

The  GC-ECD  chromatogram  of  Hercules  Unique  double-based 
propellant  headspace  vapors  is  shown  in  Figure  7.  Again  the 
characteristic  peak  for  EGDN  is  seen  at  retention  time  16.2 
minutes  and  there  is  a  small  peak  at  retention  time  22.2 
corresponding  to  NG.  Other  peaks  have  not  been  identified. 

Finally,  the  chromatogram  for  the  headspace  analysis  of 
Semtex  is  shown  in  Figure  8.  The  vapors  were  collected  for  one 
hour  and  only  very  small  peaks  were  found.  The  EGDN  peak  at  16.2 
minutes  is  evident  and  was  also  observed  in  the  bulk  analysis  of 
this  particular  Semtex  sample.  Obviously,  the  vapor  pressures  of 
PETN  and  RDX  are  quite  low  and  do  not  appear  in  the  chromatogram. 

3.3  Tenax  Needle  Method 


The  results  using  the  Tenax  needle  apparatus  are  shown  in 
Figures  9  through  12.  The  GC-ECD  chromatogram  of  a  1-second 
sample  of  the  headspace  above  the  40  percent  Hercules  dynamite  is 
shown  in  Figure  9.  The  large  peak  at  retention  time  16.2  minutes 
has  been  confirmed  to  be  EGDN.  Based  on  retention  time 
measurements,  the  peak  at  22.1  minutes  is  NG.  The  peak  at  21.1 
minutes  corresponds  to  an  impurity  found  in  the  chromatogram  of 
NG  taken  from  a  transdermal  nitro  patch.  The  other  peaks  have  not 
been  identified. 
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Figure  10  shows  the  GC-ECD  chromatogram  of  a  20-minute 
headspace  sample  above  the  Atlas  NON  slurry  explosive.  EGDN  is 
again  identified  as  the  peak  at  retention  time  16.2  minutes. 

A  30  minute  headspace  sample  of  vapors  above  Hercules  Unique 
double-based  propellant  produced  the  GC-ECD  chromatogram  shown 
in  Figure  11.  Again  a  strong  EGDN  peak  is  seen  at  retention  time 
16.2  minutes  and  the  characteristic  NG  peak  at  retention  time 

22.1  minutes.  The  large  peak  at  18.4  minutes  has  not  been 
identified.  A  large  peak  is  also  observed  at  retention  time 

21.1  minutes  corresponding  to  the  impurity  peak  mentioned  above. 
The  large  peak  at  retention  time  23.0  minutes  has  not  been 
identified. 

Figure  12  shows  the  GC-ECD  chromatogram  of  a  30  minute 
headspace  sample  from  Semtex  explosive.  A  very  large  EGDN  peak 
is  observed  at  retention  time  16.1  minutes.  The  small  peak  at 
22.0  minutras  is  due  to  a  trace  of  NG.  There  is  also  a  trace  of 
the  NG  impurity  mentioned  above  at  retention  time  21.1  minutes. 
The  peak  27.1  minutes  has  been  identified  by  retention  time 
measurements  as  2 , 4-Dinitrotoluene  (2,4-DNT).  The  peak  at 
retention  time  24.8  has  not  been  identified. 

3.4  Ion  Mobility  Spectrometry  Studies 

IMS  data  were  taken  by  two  methods.  In  the  first  method  the 
headspace  vapors  were  trapped  on  the  Tenax  traps  as  described 
above  and  desorbed  into  the  heated  inlet  of  the  IMS.  In  the 
secondr  method,  the  headspace  vapors  above  the  explosives  were 
sampled  directly  into  the  heated  inlet  of  the  IMS  instrument. 
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The  Tenax  trap  method  presented  some  difficulty  in  that  the 
background  in  the  IMS  was  constantly  changing  and  often  quite 
complex.  More  work  needs  to  be  done  with  this  technique,  but  it 
should  prove  to  be  quite  sensitive,  based  on  the  direct  headspace 
sampling  described  below. 

The  results  of  the  direct  headspace  sampling  of  the 
explosives  samples  are  shown  in  Figures  13  through  16.  Figure  13 
shows  the  IMS  spectrum  of  the  headspace  vapors  above  the  Hercules 
40-percent  dynamite.  The  single  peak  at  drift  time  8.43  msec 
corresponds  to  the  N03-  Ion  with  reduced  mobility  2.53. 

Figure  14  shows  the  IMS  spectrum  of  the  headspace  vapors 
above  the  Atlas  NCN  slurry  explosive.  The  predominant  peak 
occurs  at  8.31  msec  and  reduced  mobility  2.59  and  probably 
corresponds  to  the  N03-  ion. 

The  IMS  spectrum  of  the  headspace  vapors  above  Hercules 
Unique  double-based  propellant  is  shown  in  Figure  15.  Again,  the 
major  peak  appears  at  drift  time  8.61  msec  and  reduced  mobility 
2.53,  corresponding  to  the  N03-  ion.  There  are  two  small  drift 
peaks  at  13.59  msec  and  14.22  msec  with  reduced  mobilities  of 
1.61  and  1.63,  respectively  that  have  not  been  identified. 

Figure  16  shows  the  IMS  spectrum  of  the  headspace  vapors 
above  Semtex  explosive.  The  predominant  peak  occurs  at  drift 
time  8.42  msec  and  reduced  mobility  of  2.53  corresponding  to  the 
N03-  ion.  The  peak  at  drift  time  14.46  msec  and  reduced  mobility 
1.48  matches  the  peak  from  RDX,  while  the  peak  at  drift  time 
15.20  msec  and  reduced  mobility  1.40  matches  the  predominant  peak 
from  pentaeryithol  tetranitrate  (PETN) . 
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3.5  GC-MS  Studies 

The  Tenax  needle  trap  was  installed  on  a  Hewlett  Packard 
5890  capillary  gas  chromatograph  connected  to  a  Hewlett  Packard 
5970B  mass  spectrometer  via  a  direct  capillary  interface.  This 
technique  worked  well  with  high  vapor  pressure  explosives  such  as 
the  40  percent  dynamite,  but  did  not  have  sufficient  sensitivity 
to  detect  the  trace  explosives  vapors  above  the  low  vapor 
pressure  explosives  such  as  Semtex  and  04.  The  total  ion 
chromatogram  of  the  vapors  from  a  1  hour  headspace  sample  of 
Semtex  explosives  showed  only  hydrocarbons  coining  from  the  oils, 
dyes,  and  plasticizers  used  in  the  explosives.  In  this  scanning 
mode  no  nitrated  explosives  compounds  were  found.  However,  in 
the  single  ion  monitoring  mode,  scanning  masses  30,  46,  76,  and 

120,  the  resultant  total  ion  chromatogram  shown  in  Figure  17  was 
obtained.  Peaks  are  due  to  m/z=30,  NO  ion;  m/z=46,  N02  ion; 

m/z=76,  CH2N02  ion;  and  m/z=120,  CH2N(N02)2  ion.  The  m/z=  30 
and  46  ions  can  come  from  any  nitrated  explosives,  while  the 
m/z=76  ion  comes  from  EGDN  and  NG,  which  have  already  been  shown 
to  be  present  in  this  sample.  The  m/z=120  ion  is  a  predominant 
ion  in  the  mass  spectrum  of  RDX  which  is  present  in  this  sample. 
PETN  was  not  detected  specifically  since  the  mass  spectrum  of 
PETN  shows  mainly  ra/z=  30  and  46,  and  is  hard  to  distinguish  from 
the  mass  spectrum  of  the  nitrate  esters.  The  method  lacks  the 
overall  sensitivity  of  the  GC-ECD  technique,  but  could  provide 
useful  information  under  the  right  circumstances. 
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4.0  DISCUSSION  AND  CONCLUSIONS 

Of  the  headspace  techniques  investigated,  the  Tenax  needle 
trap  with  GC-HCD  detection  proved  to  be  the  most  sensitive  and  to 
provide  the  most  useful  information.  Headspace  vapors  were  able 
to  be  collected  and  analyzed  for  the  four  different  types  of 
explosives  that  varied  widely  in  vapor  press', ure.  The  Tenax 
needle  tarp  apparatus  could  also  be  used  with  GC-MS  with  limited 
success  in  the  single  ion  monitoring  mode,  although  it  was  not  as 
sensitive  as  the  GC-ECD.  With  further  work,  the  Tenax  needle 
apparatus  could  also  be  used  with  the  IMS  detector.  With  this 
detector,  shorter  crapping  times  are  required  and  this  technique 
could  provide  useful,  preliminary  information  that  could  direct 
one  to  the  appropriate  analytical  technique  for  the  coraplcl e 

i 

analysis  of  a  particular  explosive.  For  example,  debris  from 
a  bomb  scene  investigation  could  be  sampled  either  using  the 
Tenax  needle  trap  or  directly  with  the  real  time  inlet  into  the 
IMS  detector,  and  this  preliminary  analysis  might  indicate  the 
types  of  explosives  one  should  search  for  in  a  complete  analysis. 

The  two  commercial  systems,  the  Xontcch  platinum  wire 
concentrator  and  the  Chemical  Data  Systems  Model  320 
concentrator ,  not  adequate  for  the  low  vapor-pressure 

materials,  but  performed  adequately  for  high  vapor  pressusre 
materials,  such  as  dynamite.  The  CDS-320  was  designed  for 

environmental  applications  and  work*  sell  for  vapors  at  the  part- 
per-billior.  level,  bur  suffers  from  dead  volumes,  long  transfer 
lines,  and  poor  GC  resolution  when  looking  for  much  lower  levels 
associated  with  analysis  of  headspace  vapors  above  explosives. 
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In  conclusion,  the  Tanax  needle  trap  has  seen  shown  to  work 
very  well  with  the  capillary  GC-BCD  system  and  3hould  be  able  to 
be  made  to  work  with  the  IMS  detector.  Used  with  GC-MS  in  a 
single  ion  monitoring  mode  and,  in  particular,  with  either 
chemical  ionization  or  atmospheric  pressure  ionization,  should 
provide  useful  data  from  the  headspace  analysis  of  explosives. 
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Figure  1.  Xontech  Model  7101  Sampling  Pump. 
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Fipure  3.  Tenax  Neadle  Aesorb-sr  Apparatus 


Figure  4.  Xontech  Platinum  Wire  Desorber 


Figure  5.  GC-ECD  Chromatogram  of  Hercules 
Dynamite  by  CDS-320  Concentrator. 
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figure  is.  GC-ECD  Chromatogram 
CDS-320  Concentrator. 
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Figure  12.  GC-ECD  Chromatogram  of  Semtex  Explosive 
by  Tenax  Needle  Trap. 


Figure  13.  IMS  Spectrum  of  hercules  Dynamite. 


Figure  14.  IMS  Spectrum  of  Atlas  NCN 
Slurry  Explosive. 


Figure  15.  IMS  Spectrum  of  Hercules  Unique 
Double-based  Propellant. 


Figure  16.  IMS  Spectrum  of  Semtex  Explosive 


Figure  17.  Total  Ion  Chromatogram  from  Single 
Monitoring  of  Semtex  Headspace  Ssmpla. 
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Abstract 

The  U.  S.  Department  of  State,  as  part  of  its  continuing 
effort  to  increase  the  safety  of  its  personnel  overseas,  has 
funded  the  development  of  a  portable  explosives  detector. 
This  detector  consists  of  two  sections,  a  sampling  device 
and  an  analysis  Unit.  The  system  self  calibrates,  alarms 
when  an  explosive  is  found,  and  identifies  the  type  of 
explosive.  Water  is  the  only  consumable.  The  system  is 
rugged  and  weather  resistant,  and  able  to  operate  in  severe 
environmental  conditions.  Operation  of  the  device  to  screen 
vehicles,  packages,  personnel  and  buildings  will  be 
described. 

Introduction 

Unfortunately,  terrorists  activities,  especially  against 
civilian  targets,  have  increased  over  the  past  few  years. 
Government  and  military  installations  and  personnel  have 
also  been  targeted.  Many  of  these  attacks,  PAN  AM  103  for 
example,  involved  the  use  of  sophisticated  explosive 
devices,  and  have  led  to  high  casualty  rates.  In  response 


to  these  attacks,  security  at  airports,  embassies, 
government  offices,  and  military  installations  has 
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increased.  The  security  methods  used  are 
personnel-intensive,  subjective  in  implementation,  and  time 
consuming.  The  increased  security  is  inconvenient  to  those 
having  to  pass  through  the  security  stations.  It  is 
recognized,  however,  that  the  inconvenience  it  a  small  price 
to  pay  for  the  added  security. 

Research  and  development  in  the  security  field  has  been 

accelerated  in  recent  years  in  order  to  automatic  screening 

devices  to  detect  the  presence  of  explosives.1  These 

devices  include  enhanced  X-rays,  TNA  {thermal  neutron 
2 

activation)  and  vapor  detection.  Unfortunately,  no  device 

can  be  used  by  itself  for  all  scenarios  where  explosive 

detection  is  required.  These  devices  must  be  looked  upon  as 

an  additional  weapon  to  increase  the  security  of  the  public, 

which  must  be  properly  integrated  into  the  security 

3 

techniques  currently  being  used. 

This  paper  will  focus  on  the  description  of  the 
development  and  use  of  a  sophisticated  explosives  vapor 
detector.  The  main  work  described  herein  was  performed 
under  contract  with  the  United  States  Department  of  State 
(DOS)  to  develop  an  explosives  detector  (EGIS*)  to  screen 
vehicles  and  packages  (see  design  goals  beiow).  Further 
work  was  performed  under  contract  to  the  United  States 
Federal  Aviation  Authority  (FAA) ,  especially  the  development 
of  a  personnel  walk-in  device  (SecurScan*) ,  and  the 
evaluation  of  EGIS  to  screen  luggage. 

EGIG,  a  portable  vapor  detection  explosives  device. 
Figure  1,  is  a  highly  sensitive  and  selective  device  that 
has  been  developed  to  detect  many  types  of  explosives. 
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including  NG,  TNT,  DNT,  PETN,  RDX,  EGDN.  EGIS  has  been 
designed  to  compliment  explosives  screening  techniques 
currently  in  use,  to  increase  security  at  high-risk 
installations  such  as  airports,  jails,  and  embassies. 

SecurScan,  Figure  2,  contains  the  same  analysis  device 
as  EGIS.  The  sampling  area  is  about  the  size  of  a  telephone 
booth.  The  person  to  be  screened,  walks  into  the  booth, 
waits  about  6  seconds  in  the  booth  for  a  proper  sampling, 
turns  around  and  walks  out.  The  sample  analysis  begins 
after  the  person  walks  out  of  the  sampling  area.  A  second 
person  can  be  screened,  while  SecurScan  completes  the 
analysis  of  the  first  person's  sample. 

Due  to  th<  classified  nature  of  some  parts  of  the  device 
and  the  test  data,  it  is  not  possible  to  provide  a  detailed 
description  of  the  chemistry  section  of  EGIS  and  SecurScan, 
or  of  che  ultimate  sensitivity  of  the  unit. 

It  should  be  noted  in  passing,  that  the  same  technology 
used  in  EGIS  and  SecurScan  to  detect  explosives,  has  been 
modified  in  a  device  (SENTOR")  to  detect  drugs  such  as 
cocaine  and  heroin. 

General  Comments  on  Vapor  Detection 
Vapor  detection,  as  is  true  of  all  explosive  detection 
techniques,  has  its  strengths  and  weakness.  The  equilibrium 
vapor  pressure  of  an  explosive  is  determined  by  the  type  of 
explosive  and  the  ambient  temperature.  Assuming  that  enough 
explosive  is  present,  a  realistic  scenario,  to  reach 


equilibrium,  the  vapor  pressure  is  not  affected  by  the 
amount  of  explosive  present.  The  rate  at  which  equilibrium 
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is  reached  is  a  function  of  surface  area,  and  other 
secondary  effects.  Thus,  from  a  purely  vapor  pressure  point 
of  view,  a  0.1  kilogram  explosive  device  and  a  10  kilogram 
explosive  device,  of  the  same  explosive,  would  have  equal 
probability  of  being  found.  From  the  point  of  view  of  size, 
the  0.1  kilogram  device  would  be  easier  to  hide  than  the  10 
kg  device.  Additionally,  since  the  vapor  detection  device 
should  be  part  of  a  general  security  screening  system,  the 
10  kilogram  device  has  a  greater  probability  of  being  found 
by  other  means,  visual  for  example,  than  the  0.1  kg  device. 

Table  1  summarizes  the  equilibrium  vapor  pressure  data, 
at  room  temperature,  for  some  of  the  explosives  of 
interest.^  This  table  points  out  challenges  to  the 
development  of  a  vapor  detection  based  explosives  detector. 
First,  the  large  dynamic  range  required  in  sensitivity,  i.e. 
seven  orders  of  sensitivity  difference  between  RDX  and  EGDN. 
Second,  the  extremely  low  vapor  pressure  for  RDX.  Note, 
that  the  vapor  pressure  data  given  in  table  1  are  the 
equilibrium  vapor  pressure.  In  practice,  the  probability  is 
that  the  actual  vapor  pressure  present  is  significantly 
below  that  listed  in  Table  1.  Without  divulging  the  actual 
lower  detectable  limit  of  EGIS,  EGIS  has  been  demonstrated 
to  have  a  sensitivity  well  below  that  listed  in  Table  1 
(less  than  one  part  in  lO1^).  Thus  EGIS  becomes  a  practical 
device  tc  be  used  as  part  of  an  explosives  screening 


protocol . 
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TABLE  1  -  Vapor  Pressure  at  Room  Temperature 


Explosive 

Equilibrium  vapor  pressure 
at  room  temperature 
Concentration  P?T  (v/v) 

EGDN 

100,000,000 

NG 

580,000 

DNT 

55,700 

Tirr 

9,400 

PETN 

18 

RDX 

6 

Another  critical  issue,  when  discussing  any  detector  and 
sensitivity,  is  selectivity.  Clearly  a  highly  sensitive, 
but  poorly  selective,  device  would  be  of  no  practical  use 
since  the  number  of  false  alarms  would  be  extremely  high. 
EG1S  is  an  extremely  selective  device,  with  a  very  low  false 
alarm  rate,  determined  both  by  laboratory  challenges  with 
many  potential  interferences,  as  well  as  by  field  trials. 
EGIS  not  only  alarms  that  an  explosive  has  been  found,  but 
also  notifies  the  user  as  to  which  exact  explosive,  or 
explosives,  have  been  found. 

DOS  Design  Goals 

Based  upon  the  years  of  experience  that  Thermedics  had 
developed  in  designing  and  building  trace  level  analysers, 
Thermedics  was  awarded  the  contract  to  develope  a  breadboard 
explosives  detector.  The  contract  goal  was  to  develop  an 
explosives  detector  whose  primary  function  was  to  screen 
vehicles  for  explosives  at  the  entrance  to  U.S.  embassies 
overseas.  The  layout  of  each  embassy  is  different,  and  so 
are  the  needs  at  each  embassy.  In  general,  automobiles  and 
trucks  entering  the  compound  either  belong  to  workers  at  the 
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embassy/  or  trades  people,  or  are  official  vehiclec. 

The  fir.ct  prototypes  of  these  detectors  were  delivered 
in  July  of  >.986,  with  some  units  being  installed  in 
embassies  overseas  to  gain  operational  experience.  Based 
upon  the  experience  gained  with  these  prototype  units, 
clearly  defined  specifications  for  the  final  design  of  EGIS 
were  developed.  The  usage  goals  were  expanded  to  include 
searching  packages,  rooms,  buildings,  and  in  some  cases 
people.  Mobility  was  also  considered  a  necessary  feature, 
since  the  unit  could  then  be  moved  from  one  location  to 
another,  fo’*  example,  from  the  embassy  compound  to  a  hotel 
to  check  individual  rooms.  Detailed  specifications  of 
weight,  size,  power  consumption,  environmental,  and 
performance  characteristics  were  also  developed.  Table  2  is 
a  summary  list  of  the  specifications. 

EGIS  Specifications 

The  design  goals  of  Table  2  were  determined  prior  to  the 
completion  of  all  of  the  evaluation  testing.  Subsequently, 
several  of  the  targets  were  found  to  be  incompatible,  and 
compromise  adjustments  were  made.  Adjustments  were  made  to 
the  ruggedness,  weight  and  large  voltage  variation  targets. 
In  order  to  achieve  large  voltage  variation  immunity,  power 
conditioning  equipment  has  to  be  added  at  additional  weight. 
Ruggedness  was  also  achieved  by  additional  weight  to  the 
chassis.  In  order  to  make  these  properties  compatible  with 
the  desire  for  a  portable  unit,  the  unit  was  designed  in  the 
configuration  of  a  two  wheeled  cart,  which  can  be 
disassembled  into  two  readily  transportable  units. 

The  third  column  in  table  2  lists  any  adjustments 
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between  the  original  target  goal  and  the  final  performance 
specifications  of  EGIS.  It  should  be  noted  that  some 
parameters  are  still  under  evaluation,  MTBF  (mean  time 
between  failure)  for  example.  Others  parameters  are 
classified.  The  false  alarm  rate,  for  example,  is  dependent 
upon  the  exact  test  protocol  used.  This  protocol  is 
classified. 

The  EGIS  performance  results  listed  here  are  based  upon 
tests  which  Thensedics  has  performed.  Independent  testing 
has  been  arranged  for  by  the  Department  of  State.  Those 
results  will  be  reported  separately  at  a  future  date. 

EGIS  Detailed  Description 

In  use,  the  guard  uses  the  sampling  device  to  sample  the 
object  in  question,  person,  package,  vehicle,  airplane,  or 
room.  The  amount  of  sampling  time  can  vary  from  a  few 
seconds  to  several  minutes,  depending  upon  the  object, 
security  risk  and  the  amount  of  time  available.  After 
sarspAing,  the  guard  connects  the  sampling  device  to  the 
analysis  unit,  and  begins  the  analysis  by  pushing  the  start 
button.  In  less  than  30  seconds,  the  analysis  is  complete; 
the  analysis  unit  gives  either  a  clear  signal,  or  an  alarm 
signal.  If  an  alarm  signal  is  given,  the  type  of  explosive 
found  and  the  relative  strength  of  the  signal  is  indicated. 

EGIS  consists  of  two  units,  tha  sampling  device  and  the 
analysis  unit.  The  sampling  device,  shown  in  greater  detail 
in  figure  3,  consists  of  a  coil,  lamp,  pyrometer  and  rubber 
gasket  on  the  front.  The  interior  contains  the  blower  and 


electronics.  Rechargeable  batteries  are  connected  at  the 
rear  of  the  unit.  The  unit  can  be  operated  in  an  air-only 
sampling  mode,  or  in  a  heating,  air  sampling  mode.  If  the 
sampling  device  is  touching  a  surface  when  the  trigger  is 
pulled,  as  indicated  by  the  closure  of  m.-.  'oswitcnes  built 
in  to  the  rubber  gasket,  the  lamp  comes  along  with  the 
blower.  If  the  micro  switches  have  not  been  closed,  only  the 
blower  comes  on.  The  pyrometer  monitors  the  «ur face 
temperature  to  make  ensure  that  the  lamp  does  not  overheat  a 
surface,  causing  damage. 

The  analysis  unit  consists  of  an  interface,  which 
connects  the  sampling  device  to  the  analysis  unit?  the 
chemistry  module,  which  houses  the  sophisticated  classified 
chemistry?  the  chemiluminescence  detector,  pumps,  heaters 
and  electronics.  The  complete  system  is  under  computer 
control.  Although  the  chemistry  used  is  very  sophisticated, 
the  analysis  is  easy,  since  the  on  beard  computer  handles 
all  the  data  reduction  and  interpretations.  Ncn-technical 
personnel  can  be  successfully  trained  to  use  the  device. 
Minimal  interpretation  is  required  by  the  user. 

in  order  to  take  a  sample,  the  user  brings  the  sampling 
device  up  to  the  object  to  be  sampled.  The  trigger  is  t her 
pulled,  and  the  sampling  device  automatically  takes  a 
sample.  The  sampling  device  shuts  off  when  an  adequate 
sample  has  been  taken,  typically  5-7  seconds.  Multiple 
samples  can  be  taken  prior  to  an  analysis.  For  example  io 
order  to  properly  sample  a  vehicle,  samples  should  be  taken 
at.  different  parts  of  the  vehicle.  In  sampling  luggage,  all 
luggage  associated  with  e  given  passenger  could  be  sampled 


r 
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prior  to  performing  the  analysis. 

Upon  completion  of  the  sampling,  the  sampling  device  is 
connected  to  the  analysis  device.  The  analysis  begins  with 
the  sample  being  transferred  to  the  analysis  device,  where 
the  sophisticated  chemistry  takes  place.  Currently  the 
analysis  time  is  approximately  30  seconds.  Encouraging 
V'eiiminary  v/o'h  has  been  performed  that  indicates  that  the 
target  goal  of  seconds  should  be  achievable.  Ten  seconds 
after  the  beginning  of  an  analysis,  the  sampling  device  may 
be  removed,  and,  used  to  take  additional  samples.  After  the 
analysis  is  completed,  either  a  clear,  alarm,  or  retest 
message  is  given  on  the  display  panel.  If  an  alarm  is  given, 
the  type  of  explosive  found  is  indicated,  as  well  as  the 
relative  strength  cf  the  signal  found.  As  previously 
discussed,  tne  strength  of  the  signal  and  the  size  of  the 
explosive  device  do  not  necessarily  correlate.  EGIS 
contains  many  transducers,  and  sophisticated  internal 
diagnostics  which  continually  monitor  the  operation  of  the 
unit,  giving  an  error  message  if  a  malfunction  is 
determined. 


EGIS  Evaluation 

Extensive  evaluation  of  EGIS  has  been  performed  at 
Thermedics  using  vapor  generators.  By  very  careful 
preparation,  it  has  been  possible  to  produce  pure  samples  of 
each  individual  explosive,  and  thus  to  determine  the 
absolute  lower  detection  limit  for  each  of  the  explosives  of 
interest.  These  tests  are  performed  by  bringing  the  EGIS 
sampling  device  up  to  the  vapor  generator,  sampling  for  a 
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given  time,  typically  5-10  seconds,  and  then  analyzing  the 
sample  collected.  From  the  known  discharge  rate  of  the 
vapor  generator,  and  the  sampling  time,  the  lower  detectable 
limit  can  be  calculated.  Based  upon  these  tests,  it  has 
been  demonstrated  that  EGIS  meets  or  exceeds  the 
requirements  implied  by  Table  1. 

In  order  to  test  for  selectivity,  EGIS  has  been 
challenged  with  different  types  of  potential  interferences 
as  listed  in  Table  3.  EGIS  was  tested  by  sampling  the 
potential  interferences  alone,  and  with  explosives,  in  order 
to  determine  both  positive  and  negative  response  to  the 
potential  interferent.  (A  negative  response  would  occur  if 
the  expected  response  to  an  explosive  is  reduced  due  to  the 
presence  of  the  potential  interferent  along  with  the 
explosive.)  Any  effects  were  below  the  lower  detectable 
1  ini  it  of  EGIS. 

In  addition  to  testing  for  vapors,  more  practical,  but 
also  less  objective  tests  were  performed  by  constructing 
simulated  bombs.  Simulated  bombs  were  assembled  using 
actual  explosives,  without  detonators.  These  bombs  were 
assembled  into  luggage,  radios,  boxes  etc.  Some  of  these 
tests  were  double  blind.  Many  were  performed  at  Thermedics, 
while  some  were  performed  by  independent  observers.  The 
results  of  these  tests  confirm  that  the  technology  used  is 
capable  of  detecting  even  small  amounts  of  plastic 
explosives  hidden  in  suitcases.  Based,  upon  the  test 
results,  the  most  effective  sampling  protocols  have  been 
developed. 
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Applications  of  SGIS 

While  the  initial,  primary  goal  in  developing  EGIS  for 
the  Department  of  State  was  for  use  in  screening  vehicles, 
EGIS  can  also  be  used  to  screen  packages,  luggage,  rooms, 
buildings  and  people.  Thus  in  addition  to  being  used  to 
screen  the  entrance  to  embassies,  EGIS  is  well  suited  for 
use  at  passenger  and  luggage  check-in  areas  at  airport  or  at 
any  other  high  risk  area. 

In  order  to  develop  a  search  protocol  for  vehicles, 
computer  models  were  generated  to  determine  the  optimum 
sampling  sequence,  which  would  minimize  sampling  time  and 
that  would  lead  to  a  reasonable  probability  of  detecting  a 
hidden  bomb.  An  appropriate  sampling  sequence  would  involve 
using  both  the  air  and  surface  (lamp  on)  sampling  modes.  In 
screening  a  vehicle,  one  would  sample  surfaces  such  as  the 
door,  trunk  lid,  hood,  and  steering  wheel,  using  the  surface 
mode.  One  would  also  sample  the  trunk,  passenger 
compartment,  engine  compartment,  and  wheel  wells,  using  the 
air  mode.  Multiple  samples  of  the  vehicle  would  be  taken 
prior  to  beginning  the  analysis.  The  total  time  to  sample 
the  vehicle  is  strongly  dependent  upon  how  thorough  a  search 
is  being  made. 

In  sampling  packages  and  luggage,  the  outside  surface  of 
the  item  would  be  sampled  using  the  surface  mode. 
Experience  has  shown  that  if  the  package  or  luggage  is 
opened,  with  a  sample  also  being  taken  from  the  inside,  the 
probability  of  finding  any  hidden  device  increases.  In 
order  to  increase  throughput,  more  than  one  item  may  be 
sampled  prior  to  performing  the  analysis. 


j 
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In  sampling  large  areas  such  as  rooms,  one  would  take 
many  air  samples  from  different  parts  of  the  room.  In 
addition,  taking  surface  samples  of  areas  likely  to  have 
been  touched  would  increase  the  probability  of  finding  any 
hidden  devices. 

In  screening  people,  the  sampler  would  be  used  in  the 
air-mode  only  with  a  few  samples  taken  from  different  areas 
of  the  persons  clothing. 

Conclusions 

With  the  development  of  EGIS,  it  has  been  demonstrated 
that  vapor  detection  can  be  used  to  screen  for  explosives, 
including,  but  not  limited  to,  plastic  explosives.  These 
conclusions  are  based  upon  the  results  of  detailed  tests 
performed  by  Thermedics,  as  well  as  performance  and 
application  testing  performed  by  outside  laboratories. 
Thus,  EGIS  can  be  added  to  the  arsenal  of  weapons  used 
against  the  rising  terrorism  to  increase  the  security  of  the 
general  public. 
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ABSTRACT 

A  total  of  thirteen  different  explosives  vapour  detectors  has  been  quantitatively  tested 
for  their  response  to  certain  nitroorganics,  as  part  of  an  assessment  of  their  overall  efficacy  in 
field  use.  Eleven  of  these  instruments  are  housed  in  carrying  cases  for  portability,  two  are 
designed  as  fixed-installation  portals  for  personal  screening.  The  methods  used  to  determine 
the  sensitivity  or  lower  detection  limit  of  the  equipment  is  described,  and  the  results  presented. 

The  sensitlvhy  to  EGDN  of  the  'continuous',  rapid-response  (<5s)  detectors  ranged  from 
about  1-100  ppb,  while  that  of  the  batch-sampling,  slow-response  devices  varied  from  5-100 
ppt.  For  the  walk-through  detectors,  a  vapour  emission  rate  on  the  order  of  50  pg/min  was 

required  to  elicit  a  response,  roughly  comparable  to  the  emission  from  an  openly  exposed  stick 
of  commercial  dynamite. 

1.  INTRODUCTION 

Explosives  vapour  detectors  (EVDs),  or  bomb  ’sniffers',  have  been  in  production  now 
for  nearly  two  decades.  Intended  to  emulate  the  trained  search  dog  in  uncovering  concealed 
explosives,  it  is  evident  that  EVDs  enjoy  a  captive,  if  somewhat  limited,  market,  particularly  in 
the  area  of  aircraft  security.  It  is  also  apparent,  however,  that  the  devices  have  met  with  only 
partial  success  In  gaining  widespread  acceptance  by  security  people  as  a  reliable 
countermeasure  to  the  bomb  throat 

One  reason  for  this  reluctant  acceptance  probably  has  to  do  with  the  preconceived 
expectation,  suggested  by  the  term  ’bomb  detector*,  of  an  instrument  that  can  unerringly 
respond  to  any  and  all  explosive  fillers,  from  match  heads  to  Semtex  -  an  expectation,  as  it 
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turns  out,  far  removed  from  reality.  Another  reason,  though,  may  lie  in  the  enthusiastic  claims 
touted  by  some  manufacturers  of  the  equipment,  which  in  practice  have  proven  to  be  overly 
optimistic.  Nevertheless,  advances  in  EVD  technology  have  been  made,  and  sniffers  are  seen 
as  a  viable  complement  or,  in  some  applications,  as  an  alternative  to  trained  canines. 

in  assessing  the  efficacy  of  n  particular  vapour  detector,  an  evaluation  independent  of 
the  manufacturer's  information  is  clearly  desirable.  A  number  of  simulated  field  studies 
involving  the  simultaneous  testing  of  several  EVDs  have  been  conducted  to  provide  this  type  of 
evaluation  (1-5) ,  one  of  the  more  recent  studies  being  reported  at  this  Symposium  (6). 

In  addition  to  simulated  fiekf  trials,  we  have  found  that  laboratory  evaluation  of  EVDs  is 
a  useful  and  important  prerequisite  in  gauging  the  ultimate  utility  of  an  instrument.  Laboratory 
testing,  for  example,  allows  the  quantitation  of  the  sensitivity  (lower  detection  limit)  of  the 
detector,  probably  the  single  most  important  parameter,  and  can  reveal  any  idiosyncrasies  of 
the  devioe  prior  to  field  use,  under  oontroiled  conditions. 

This  paper  details  the  testing  protocol  used  in  our  Laboratory,  and  presents  results  of 
the  evaluation  of  thirteen  different  EVD  systems  (?)  carried  out  over  a  span  of  several  years,  in 
the  present  context  laboratory  evaluation  encompasses  determination  of  sensitivity  to  certain 
explosives,  speed  of  response  ard  the  effects  of  potential  interferants.  Two  classifications  of 
EVDs  are  included,  the  man-portable,  hand-operated  type  and  the  fixed-installation, 
automated  portal  system  for  personal  screening. 

2-0  EXPEB1MENTAI 

2.1  General  Procedure 

Sensitivity  is  measured  by  subjecting  the  instrument  under  test  to  known  and 
controllable  levels  of  the  explosives  vapours  from  a  dynamic  vapour  source.  In  the  case  of  the 
poruole  EVDs,  sensitivity  is  defined  as  the  minimum  concentration  for  which  a  poc.uve 
response  is  elicited  at  least  80%  of  the  time,  while  with  the  walk-through  systems  sensitivity  is 
better  represented  in  terms  of  the  minimum  mass  tic#  or  emission  rate  of  explosives  vapour. 
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The  explosives  used  in  the  quantitative  work  were  ethylene  glycol  dinitrate  (EGDN), 
nitroglycerine  (NG)  and  2,4-dinitrctoluene  (DNT).  The  vapour  pressures  of  these  materials  at 
22 *C  as  determined  earner  in  this  Laboratory  (8)  are: 

EGDN  -  80,000  ppb(v/v) 

NG  -  300 

DNT  -  250 

NG  and  DNT  were  normally  employed  at  room  temperature,  EGDN  was  usually  maintained  at 
<TC,  where  Its  vapour  pressure  is  8,500  ppb  (1  ppb  ■  10-®). 

As  part  of  the  evaluation,  the  instruments  also  underwent  some  limited  qualitative 
testing,  by  sampling  air  in  close  proximity  to  various  commercial  ard  military  explosives  as 
well  as  commonly  encountered  non-explosive,  odorous  substances. 

22  Trace  Vapour  Source 

A  key  element  of  the  present  evaluation  procedure  makes  use  of  the  headspace 
vapours  generated  by  a  test  sample  of  explosive;  the  vapours  are  swept  by  a  carrier  flow  of  air 
which  may  be  diluted  by  mixing  with  one  or  more  auxiliary  air  streams,  or  used  undiluted.  With 
the  explosive  sample  thermostated  and  the  air  flows  metered,  a  continuous  explosive 
vapour-in-air  stream  is  provided  in  which  the  concentration  level  is  controllable  through 
adjustment  of  the  air  flow  rates  and  temperature  of  the  sample.  A  dynamic  vapour  generator  of 
this  type  was  first  reported  in  (9),  and  a  more  elaborate  design  operating  on  a  similar 
gas-biending  principle  in  (10). 

The  test  sample  is  housed  in  s  glass  U-tube  holder  between  plugs  of  silanized  woo!,  as 
shown  in  Figure  1.  About  1/2  g  of  explosive  sample  in  granular  form  or,  in  the  case  of  liquid 
explosives,  on  ro!led-up  filter  paper  is  packed  loosely  in  the  tube  to  ailow  intimate  but 
unrestricted  flow  of  the  carrier  gas.  A  multi-orifice  jet  outlet  such  as  that  Indicated  is  effective  in 
providing  good  mixing  of  the  vapour-laden  stream  with  the  diluent  stream.  The  holder  is 
immersed  in  a  water  bath  to  the  level  of  the  tapered  glass  joint  of  the  cap. 

The  design  of  the  vapour  source  is  relatively  simple,  yet  versatile,  inasmuch  as  it 
enables  the  use  of  both  pure  samples  as  well  as  real  e;  plosives;  a  similar  design,  tor  example. 
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wan  used  recently  tc  ctudy  m©  volatile  affluents  from  C4  and  other  plastic  explosives  (1 1).  it 
also  has  sdvanfcsge*  over  permeation-type  sources  in  re-equRferating  more  quickly  following 
temperature  changes  in  istdh  temperature,  a  wait  period  of  10  min  usually  befog  sufficient. 

The  canter  flow  through  the  souroe  is  nominally  in  the  range  1-100  mL/mfo.  At  these 
flow  raise  a  cjuasi-equifibriufii  static  vapour  pressure  is  maintained  over  samples  of  EGDN,  NG 
or  DNT,  as  confirmed  repeatedy  by  GC  analysis  of  the  effluent  stream. 

SJ3  Single- Dilution  Veacur  Generator 

When  the  effluent  stream  from  the  sample  souroe  is  mixed  with  a  larger  air  flow  (of  2-20 
l/mfo)  as  shown  in  the  schematic  arrangement  of  Figure  2,  the  concentration  of  explosive 
vapour  c  in  the  test  stream  is  given  simply  by 

C*Cj/(F  +f}, 

where  corresponds  to  the  equilibrium  vapour  headspace  concentration  at  bath  temperature, 
F  and  f  are  foe  dHuent  and  carrier  flow  rates,  respectively. 

This  single-stage  dilution  vapour  generator  could  be  used  to  provide  test  stream 
vapour  levels  in  the  Icw-to-high  ppb  range;  for  example,  with  EGDN  in  the  sample  holder 
immersed  in  an  ice  bath  and  flow  settings  adjusted  to  f  -  3  mL/mfo  and  F  « 15  L/min,  a  test 
stream  concentration  c  - 1.7  ppb  is  generated.  Or,  NG  and  DNT  test  streams  in  the  low-to-sub 
ppb  region  couid  be  obtained  operating  at  22  "C  bath  temperature. 

Water-flited  gas  wash  bottles  could  be  switched  into  the  diluent  line  by  means  of  a 
4-way  stopcock  to  simulate  a  high-humidity  environment,  which  was  of  interest  in  evaluating 
the  response  of  some  of  the  instruments.  An  auxiliary  clean  air  reference  stream  was  useful  for 
'zeroing*  purposes. 

In  testing  foe  portable  EVDs  for  minimum  detectable  concentration,  foe  flow  rate  of  foe 
test  stream  was  maintained  well  in  excess  of  the  intake  flow  rate  of  foe  detector,  to  avoid 
dilution  by  ambient  air.  The  test  stream  sampling  port,  into  which  foe  probe  of  foe  EVD  is 
barely  inserted,  is  about  3  cm  in  diameter,  large  enough  so  ss  not  to  be  restricted  by  the 
presence  of  the  probe. 


Some  detectors,  particularly  those  with  a  preconsentrator  feature,  require  EGON  test 
streams  of  ppt  concentrations  (1  ppt  -  <0-«).  While  such  low  values  are  achievable  with  the 
previous  slngis-dilution  generator  by  employment  of  cryogenic  bath  temperatures,  a  more 
convenient  method  is  one  based  on  a  two-stage  dilution  process,  which  requires  only  an  ice 
bath  thermostat 

The  configuration  depicted  In  figure  3  allows  the  attainment  of  EGON  concentrations 
from  lass  than  1  ppt  to  1  ppb.  The  first-stage  mixture,  comprised  of  {F,  +1,),  is  maintained  at 
constant  pressure,  independent  of  the  flow  settings,  by  the  1  pelg  (ca.  7  KPs)  check  vah«;  most 
of  the  flow,  in  fact,  is  vented  through  the  oh  sen  verve  and  only  a  email  fraction  flows  through  the 
calibrated  flow  restrictor  at  a  rate  f2  *  4.0  mL/min  to  mix  with  the  second  touting  stream  f*. 
For  EGDN  at  0*C,  the  test  stream  concentration  (to  a  dose  approximation)  is  given  by 
c?  *  34f,/FrF2;  a  few  examples  of  the  flow  settings  used  sre  indicated  in  the  foflowrng  tabte. 


Fj 

Fg 

ft 

C2 

10.0  L/rrfn 

17.0  L/min 

2.5  mL/nttn 

0.5  ppt 

2.0 

4  2 

05 

10 

2.0 

42 

25.0 

100 

05 

1.7 

25-0 

1000 

As  with  the  single-dilution  generator,  all  flow  lines  in  contact  with  the  explosives  vapours, 
including  the  calibrated  leak,  ere  made  of  glass. 

Betti  the  singfe-  and  double-dilution  generators  operate  with  purified  laboratory  air  os 
the  carrier  and  cfilueoi  gases.  The  response  of  an  EVD  determined  under  the  ideal  conditions 
presented  by  these  sources  therefore  represents  the  maximum  sensitivity  of  the  instrument  to 
explosives  vapours. 

2.3  31ngie-Staq>/Ambi«nf-Air  Vapour  Generator 

£VDs,  of  course,  are  intended  for  use  in  various  field  situations  where  they  must 
contend  with  the  prevailing  background  matrix  of  other  vapours  and  gases.  To  gain  insight  on 
the  capability  of  a  detector  in  real-air  sampling  situations,  recourse  is  frequently  made  m  our 
Laboratory  to  a  tiird  design  of  vapour  generator  { 1 2 ),  a  diagram  of  which  appears  as  figure  4. 
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FIG.  4:  SINGLE*ST AGE/ AMBIENT  fiW  V#  POUR  SOURCE 


This  apparatus,  originally  constructed  as  s  means  *o  quantify  the  olfactory  ability  of 
trained  canines,  channels  ambient  air  through  a  S3  cm  O.D.  glass  pipe  by  means  of  a 
variable-speed,  high-volume  pump.  A  metered  vapour  stream  is  introduced  Into  the  flow  as 
Indicated,  to  provide  a  real-air  test  stream  with  a  cof^oKad  explosive  vapour  content. 
Seif-oontamed  as  a  unit  (exoept  for  power)  and  set  on  asters  for  ease  of  mobility,  the  'dog 
box'  generator  can  be  located  in  a  machine  shop,  warehouse  or  other  area  for  a  more  ree&tic 
assessment  of  detector  performance. 

The  Importance  of  real-air  vs.  purified-air  sampling  has  been  observed  particularly  with 
the  high-sensithrty  EVDs  employing  vapour  preconcentrators.  One  model  when  tested  with  the 
purified  air  stream  of  the  double-dilution  source  exhibited  a  detection  limit  to  EGDN  of  as  little 
as  4  ppt;  when  subjected  to  the  spiked  air  stream  from  the  'dog  bow',  however,  its  performance 
degraded  more  than  ten-fold  because  of  background  noise,  and  its  sensitivity  was  found  to  be 
around  75  ppt 

2.6  Pgrta&teSYPs 

The  portable  instruments  tested  were  at  two  types:  la)  15e  continuous  tent-acting 
devices  rased  on  electron-capture  detection  (ECD)  or  ion  msakty  spectrometry  3M3).  usually 
in  conjunction  with  semi-permeable  membranes.  and  (b)  the  -;tewer.  bairtvsamnnng,  acs 
chromatographic  (GC)  eguipmant  with  ECD.  uiffizing  vapour  igescmcentratots.  The  air 
sampling  flow  rate  in  must  cases  was  of  the  order  of  1  L/rrw.  and  realty  accomsacatisd  with 
any  of  the  three  vapour  generators  above. 

Tnw  response  to  some  common  spoofing  agents.  ffistadBig  tpaessae.  cteasing 
compounds-  food*  and  solvents,  about  40  in  a!!,  was  qu«ttta6caly  ~n  jut  oy  arifftm  the 
openly  exposed  msaeriai. 

Seven  decent  EYDs  of  type  (a)  aid  tour  or  type  {&)  have  otrer-asas!  and  as  reperwe 
on  here. 

2.7  Watk.Tirraarti  EVOs 

The  veriest  of  webt-through  deiectors  is  is  ss  t.'.an  mat  sr  tf*e  3**trtS*  dmmsam, 
although  the  confer  l*  adactiv*  for  airport  and  p8s**r*3iant  securer  cutes***,  sad  **f«sS 
development  protess  in  Sss  ares  are  underway.  Th*^rport  sczmno  awaerastsissjsaaafc 
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derecticn  challenge,  in  that  sampling  time  is  limited  (e.g.,  6  s/passenger)  and  sample  dilution 
la  very  large. 

Two  portal  screening  systems  have  been  evaluated  to  date,  both  utilizing  a 
high-volume  air  curtain  to  transfer  explosives  vapours  from  the  ‘passenger*  under  scrutiny  to 
the  analyzer.  Because  the  flow  rates  involved  in  each  case  (>2,000  L/min)  are  larger  than 
could  be  supplied  by  the  above  vspour  generators,  detector  sensitivity  is  measured  in  terms  of 
the  mass  flow  of  vapour  rather  than  the  steady-state  concentration  emitted  by  the  generator. 
Moreover,  not  all  the  vapour  emitted  by  the  source  is  entrained  by  the  air  curtain  and  swept 
into  toe  analyzer.  Depending  on  the  proximity  of  the  source  to  the  sample  intake  openings  of 
the  portal,  an  indeterminate  proportion  of  toe  vapour  is  lost  to  toe  ambient  atmosphere. 

In  evaluating  the  walk-through  systems,  an  CGDN-filled  source  as  shown  in  Fig.l  was 
used,  without  dilution  and  operated  at  room  temperature.  Carrier  gas  flows  of  10-100  mL/min 
provided  EGDN  mass  flows  in  toe  required  p  g/min  range.  The  source  was  carried  by  the 
’passenger1  ir.to  the  portal  and  maintained  at  some  fixed  position  in  the  air  curtain  for  the 
prescribed  sampling  time,  6  or  12  s;  source  position  was  varied  vertically  and  laterally  to 
assess  the  uniformity  and  efficiency  of  the  portal  sampling.  Step  changes  in  vapour  emission 
rate  were  effected  during  the  tests  by  simply  unattaching  than  re-attaching  a  charcoal  trap  to 
the  outlet  of  toe  U-tube  as  required,  while  maintaining  the  carrier  flow. 

Tests  were  also  conducted  with  toe  walk-throughs  using  hundred-gram  quantities  of 
real  explosives  carried  by  toe  subject.  The  types  of  explosives  used  were  determined  from 
preliminary  trials  measuring  toe  inherent  sensitivity  of  the  analyzer,  in  which  the  vapour  source 
was  placed  directly  in  toe  sampling  manifold  of  toe  detector.  Only  those  materials  which 
produced  a  sizable  signal  to  these  preliminary  runs  were  used  in  toe  walk-through  tests. 

3.o 

3.i 

Table  1  summarizes  the  test  results  on  instrument  sensitivity,  speed  of  response  and 
specificity,  In  respect  of  EGDN  vapour.  The  sensitivity  ratings  for  toe  portable  devices,  as 
indicated  s<toisf,  are  given  in  terms  of  the  minimum  detectable  concentration  of  explosive. 
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Models  A-G  are  ttm  eontimous-samsSng  (fast)  type,  Models  K-K  are  the 
ascreoL  sampling  (star}  aattctocs.  Tine  response  ame  efthe  taet  mooete  is  the  Ume  squired  to 
s8dt  a.  positive  signal  fo&sring  introduction  of  a  ntaowiac  conoamraton  of  the  vapour  into  the 
sampsn^  probe  ef  tnedsece.  Ths  response  time  ottrw  stawEVOtreiees  to  analysis  time  only, 
fotloMig  injection  :or  the  collected  samote;  for  the  letter  fourcaaes  shown,  asampfing  time  of 
15  s  was  used.  Win  si  £VDs  (A~K)  the  criterion  for  pos$*e  response  a!  a  given  vapour  level 
was  8" i?U*'  out  of  10  trials. 

The  "Remove  Specificity'  of  the  detectors  to  S3DN  reposed  ore  qualitative  testing 
concussed  with  same  non-expiosive  materials,  mainly  those  Known  from  past  experience  to 
trigge-  an  'Alarm*  response  in  EVDs,  which  induce  cosmetic  products  (perfumes  and 
deeaeavits).  dry  deaning  solvents  end  ois  and  waxes. 

With  the  exception  of  Models  A,  8  and  K,  ail  EVOs  are  comprised  of  two  main 
uiiuuonents.  a  saspisg  head  and  valise-siz*  analyzer  unit,  inaefacau  oy  moans  of  an 
umoSicai  fine  (t-zm  long)  housing  electrical  lads  and  gas  lines. 


TABLE  1.  PORTABLE  =VD  RATINGS  FOR  33DN  DETHTT.ON 


Model 

Operating 

Min.  Detectable 

Response 

Relative 

Code 

Principle 

Concentration 

Term 

Spac&dty 

A 

IMS 

no  ppb 

1  s 

poor 

B 

MS 

25 

poor 

C 

mcBCD/SCD 

30 

z 

fair 

B 

rrtolBCD 

2.5 

1 

poor 

c 

piece 

0.9 

3 

Mb’ 

F 

mbriMS 

0.8 

3 

good 

G 

mb/S23/!D 

0.7 

■i 

poor 

r, 

pnGOECB 

0.1 

25 

very  good 

1 

pdGCSCD 

0.05 

30 

very  good 

J 

psssescD 

0.05 

25 

my  good 

K 

seS^CD 

0.005 

150 

excellent 

siadsns: 

'MS 

=3»  Carafe*  Spectrometry  pr 

Prscancermaor 

mb 

Membrane 

GC 

Qas  Chromsograpby 

BSD  - 

Siecxcn  Capture  Detector  iD 

ionization  Dstsctof 
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The  tradeoff  in  sensitivity  end  specificity  for  speed  of  response  is  dearly  evident  in 
oomparfng  the  data  of  the  fast-  and  siow-response  detectors,  and  within  the  dess  of  slow 
types  atone.  The  continuous  EVDs  have  response  times  of  a  few  seconds,  poor-to-good 
selectivity,  and  a  tower  detection  limit  in  the  1-100  ppb  range;  the  GC-b&sed  instruments,  on 
the  other  hand,  are  a  few  orders  of  magnitude  more  sensitive,  considerably  more  specific,  but 
require  0.5  •  3  min  per  analysis.  Model  k,  ihe  most  sensitive  and  specific  of  tire  EVDs  tested,  is 
also  the  slowest 

The  continuous  samplers  are  generally  equipped  with  a  manual-  or  auto-zero 
adjustment  to  compensate  for  background  contamination  levels  (such  as  may  be  encountered 
in  a  smoky  area  or  sealed  room),  a  feature  which  is  not  necessarily  advantageous.  When  the 
contamination  levels  are  significant  these  models  suffer  a  deterioration  in  sensitivity,  as 
observed  on  occasion  when  testing  with  the  ambient-air  vapour  source  (cf.  Sea  2.5). 

Models  A,B  and  F  are  IMS-based  detectors.  A  and  B  were  the  most  compact  and 
simplest  to  use  of  all  the  EVDs,  but  were  found  to  be  the  least  effective  in  terms  of  poor 
selectivity  and  sensitivity,  being  of  rudimentary  design,  in  contrast,  the  more  sophisticated  IMS 
unit  Model  F  provided  a  comparatively  low  limit  of  detection  combined  with  good  specificity. 
When  subjected  to  high-humidity  testing,  the  tatter  underwent  some  loss  In  sensitivity.  Figure  5 
Illustrates  the  loss  in  response  of  detector  F  due  to  humidity,  and  the  ioss  from  prolonged 
sampling  due  to  auto-zeroing. 

Model  F,  and  Model  C  which  employs  a  novel  twin-ECD  configuration,  are  designed  to 
respond  to  NG  and  DNT  vapours  as  well  as  EGDN;  the  measured  sensitivities  are  shown  in 
Table  2. 


TABLE  2.  MODELS  C  AND  F  RESPONSES  TO  EGDN,  NG  AND  DNT 

Sensitivity 


Vapour 

ModeiC 

Model  F 

EGDN 

30  ppb 

0.8  ppb 

NG 

0.5 

2 

DNT 

3 

3 

EGDW  (DRY  AIR) 
EQDN  (100%  RH) 
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EFFECT  of  humidity  and  ^mpungtwe 
ETECTOR  RESPONSE  TO  EQDN,  MODEL  F 


The  uee  of  an  ignfaaion  detector  in  eerie*  wift  an  ekctron-optoe  dMeclar  (BCD)  as 
embodtod  In  Model  G  resulted  in  « four-fold  improvement  in  eenelCwty  over  a  staler  device 
wtaECDonly.  Mode!  D.  but  no  improvement  in  specificity. 

A  common  feature  of  the  GC  Model*  H.I  and  J  is  the  use  of  a  wire  preconcentrator 
having  a  specialty  treated  surface.  This  form  of  vapour  adsorber  has  the  advantage  of  effecting 
a  simple,  rapid  means  of  thermal  desorption  through  resistive  heating.  The  wire 
preconcentrator,  however,  has  a  somewhat  Umttsd  collection  and  retention  efficiency.  A  series 
of  runs  was  made  with  Model  J  in  which  sampling  was  alternated  between  a  vapour  stream 
from  die  Double-Dilution  Generator  (Sec.  2.4}  and  room  air;  these  tests  were  intended  to 
simulate  die  nan-homogeneous,  real-air  conditions  in  a  search  scenario  where,  for  instanoe,  a 
is  s  'sniff  of  suspect  luggage  may  encompass  an  explosives  vapour  plume  in  one  localized 
area  and  expicsiv88-free  air  In  another.  The  results  of  this  testing  are  presented  in  Figure  6, 
showing  a  'washing-out'  effect  of  the  collected  vapours  by  expiosives-free  room  air.  By 
comparison,  the  packed  adsorber  tube  utilized  in  Model  K  to  preconcentrate  the  vapours 
requires  a  longer  desorption  cycle  but  is  not  subject  to  such  losses. 

The  batch- sampling  EVQs,  despite  the  time  penalty  associated  with  them,  may  offer 
advantages  In  certain  applications.  Model  K,  for  example,  is  designed  with  a  lightweight  hand 
probe  separate  from  the  analyzer  to  facilitate  off-sensor  sampling;  Model  J  can  also  be 
adapted  to  operate  in  this  fashion.  Further,  Models  H  and  J  provide  an  option  for  unattended 
operation  in  a  continual  cycling  mode,  i.e.,  repetitive  sampling  and  analysis,  for  fixed-position 
monitoring  applications. 

3.2  Walfrinrwqh  EYPjt 

The  results  for  the  two  systems  evaluated  In  this  study  are  summarized  in  Table  3  (c f. 
Table  1  for  abbreviations). 

TABLE  3.  WALK-THFOUGH  EVD  RATINGS  FOR  EGDN  DETECTION 


Model 

Operating 

Min.  Detectable 

Response 

Relative 

Code 

Principle 

Mass  Flow 

Time 

Specificity 

L 

mb/ECD 

>60,009  ngrtnin 

6s 

poor 

M 

pr/E  CD 

38,000 

12 

fair 

45-14 
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FIG.  6:  SENSITIVITY  TESTING  OF  EXPLOSIVES  DETECTOR  MODEL  J: 

SAMPLING  VIA  PRECONCENTRATOR/VAPOUR  COLLECTOR 
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SYMBOLS: 


VAPOUR  SOURCE  (EQDN  WITH  PURIFIED  AIR) 
ROOM  AIR  (NO  EQDN) 
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The  sensitivity,  reckoned  as  the  Minimum  Detectable  Mass  Flow  of  EGDN  needed  tc 
trigger  an  'Alarm*  indication,  was  highly  position-dependent;  both  systems,  particularly  Model 
L,  exnibited  'blind*  spots  where  no  detection  was  possible  within  the  emission  range  of  the 
vapour  source.  For  comparison,  the  emission  rate  of  EGDN  from  an  average  stick  of 
commercial  dynamite,  openiy  exposed,  is  approximately  50  pg/min  {13  ).Tha  values  shown 

above  represent  the  sensitivity  of  the  EVDs  at  which  the  probability  of  detection  was  ca.  80%. 
Figure  7,  depicting  some  test  results  for  Model  M,  exemplifies  the  non-uniform  sampling  field  of 
the  portals  and  the  dependence  of  detection  on  the  quantity  and  location  of  the  explosive  in 
the  air  curtain. 

Both  EVD  systems  rely  on  a  high-voiume  air  curtain  flowing  transversely  across  the 
subject  to  sweep  any  explosives  vapours  to  the  analyzer  located  on  the  downwind  side  of  the 
flow.  Model  L  utilizes  a  series  of  fans  on  both  sides  of  the  portal  operating  in  a  push-puil 
fashion  to  move  a  total  volume  of  air  of  about  10,000  L/min,  with  three  sensor  heads  being 
arranged  vertically  between  the  fans  to  sample  a  portion  of  the  curtain.  Model  M  channels  the 
air  flow  from  a  single  large  blower  having  a  capacity  of  2,400  L/mln  through  manifolds  to 
vertical  slits  on  the  sides  of  tire  porta)  in  a  similar  push-puli  manner,  but  in  this  case,  the  entire 
flow  is  sampled  through  the  sensor,  which  consists  of  an  on-line  preconoentrator  and  ECD. 

A  comparison  of  the  total  system  sensitivity  given  above  with  the  inherent  sensitivity  of 
the  sensor  may  be  drawn  for  eat*  unit.  The  minimum  mass  flow  of  EGDN  detectable  when  the 
vapours  were  Introduced  directly  into  the  intakes  of  the  analyzer  heads  were  0.03  ng/min  and 
1,100  ng/min,  respectively  for  Models  L  and  M.  However,  the  greater  inherent  sensitivity  of  the 
former  is  offset  by  a  dilution  factor  (and  sampling  inefficiency)  of  more  than  106-foM  in  portal 
operation,  whereas  the  disparity  between  the  basic  and  overall  sensitivity  of  Model  M  is  less 
than  a  factor  of  40. 

Nevertheless,  the  effects  of  dilution  in  high-volume  sampling  impose  severe  limitations 
on  sensitivity  even  in  the  case  of  Model  M,  when  compared  to  the  sensitivity  achieved  with  the 
low-volume,  portable  EVDs.  Table  4  lists  the  minimum  detectable  mass  flows  of  EGDN  and 
the  sampling  flow  rates  used  for  these  two  classes  of  continuous-sampling  detectors.  A 
general  trend  toward  degrading  sensitivity  (and  specificity)  with  increasing  sampling  flows  Is 
apparent 


FOUR  EMISSION  RATES  (Jifl/min)  SHOWN,  WITH  APPROXNATE  QUANTfHES  OF  DYNAIOTI 
RECURRED  TO  PRODUCE  SIMILAR  EMISSION;  SHADED  AREAS  INDICATE  WHERE  GIVEN 
QUANTITY  OF  DYNAMITE  COULD  BE  DETECTED  WITH  »  90%  PROBABILITY. 


TABLE  4.  COMPARISON  OF  WALK-THROUGH  AND  PORTABLE  EVDs 


Model 

Sampling 

Mb,  Delectable 

Relative 

Code 

Flow  Rale 

Mass  Flow 

Spadtidty 

L 

10.000  Umin 

>60,000  ng/min 

poor 

M 

2,400 

38,000 

fair 

A 

10 

6,200 

poor 

B 

10 

1500 

poor 

C 

0.4 

76 

fair 

D 

1 

16 

poor 

E 

15 

9 

ftfr 

F 

1 

4 

good 

G 

1 

4 

poor 

4,0  CONCLUDING  REMARKS 

The  laboratory  testing  described  above  has  been  uaefulln  revealing  the  strengths  and 
weaknesses  of  the  various  EVDs.  Rating  them  in  terms  of  sensitivity,  specificity  and  speed  of 
response,  no  one  instrument  emerges  as  the  ideal,  universal  detector  suitable  for  all  field 
situations,  one  that  is  both  fast  and  sensitive  to  explosives.  The  requirement  of  real-time 
detection  obviously  exacts  a  sizeable  penalty  in  the  Sower  limit  of  detection  and  selectivity 
achievable  when  the  time  factor  is  not  a  constraint 

The  time  factor,  however,  is  always  a  prime  consideration  In  bomb  detection,  and, 
therefore,  a  choice  must  be  made  as  to  the  relative  importance  of  speed  of  response  and 
reliability  {La.,  sensitivity  and  specificity)  of  dat»4fon  in  a  particular  scenario,  in  screening 
individual  items  such  as  baggage  or  parcels  prior  to  loading  on  a  departing  flight  for  instance, 
it  can  be  argued  that  a  number  of  false  positives  is  a  reasonable  tradeoff  for  the  speed  of 
screening  provided  by  the  continuous-sampling  EVDs;  the  counter  argument  on  the  other 
hand,  is  that  the  sensitivity  of  the  real-time  instruments  is  such  as  to  limit  their  utility  to  the 
detection  of  rather  large  dynamite  bombs  which  may  be  concealed  in  the  baggage. 

Even  the  Ideal*  detector,  however,  may  be  nc  better  in  field  use  then  a  iess-than-ideal 
device,  depending  on  the  skiR  and  derfcaSon  of  the  operator.  The  development  of  automated 
walk-through  EVDs  represents  an  attempt  designed,  at  leest  in  pert,  to  eliminate  the  reOsnce 
on  operator  ska.  The  two  models  evaluated  In  this  study,  however,  appear  to  be  of  marginal 
effectiveness,  and  if  this  type  of  screening  is  desirable  a  radical  new  concept  is  required. 
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Most  of  the  evaluation  work  repotted  here  has  centered  on  EGDN  as  the  target  vapour, 
for  two  reasons.  For  one,  EVDs  are  effective  primarily  as  EGDN  detectors,  owing  to  the 
relatively  high  vapour  pressure  of  the  material.  Secondly,  EGDN  is  probably  the  single  most 
commonly  encountered  vapour  characteristic  of  explosives,  abundant  in  the  headspace  of 
commercial  dynamite  and  also  associated  in  trace  amounts  with  many  non-dynamite 
explosives,  including  plastics  {11,14).  This  last  fact  takes  on  new  relevance  in  light  of  the 
current  concern  with  Semtax  and  other  plastic  explosives. 

in  me  authors'  opinion,  detection  of  plastic  explosives  based  on  vapour  detection  of  the 
parent  compounds,  e.g.,  RDX  or  PETN,  is  an  approach  unlikely  to  succeed  in  actual  search 
applications,  where  dilution  and  barrier  effects  can  significantly  reduce  the  available 
headspace  levels  (c*.  10  ppt),  probably  by  3-d  orders  of  magnitude.  A  more  viable  approach 
may  be  to  focus  efforts  on  detection  of  the  more  volatile  EGDN  contaminant. 

Of  course,  EVO  technology,  with  all  its  foreseeable  advances,  is  not  a  panacea  to  the 
hidden  bomb  threat,  but  one  more  technical  aid  in  an  arsenal  of  countermeasures  that  merits 
continuing  development. 
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ABSTRACT 


In  general,  pyrotechnic  compositions  are  more  sensitive  than  commercial  explo¬ 
sives,  regardless  the  type  of  the  stimulus.  On  the  other  hand,  their  explosive 
strength  Is  considerably  saaller.  But  some  of  the  pyrotechnic  compositions 
cone  close  to  the  explosive  effects  of  commercial  explosives,  flash  composl- 
tions  for  example. 

Flash  compositions  are  used  In  fireworks  as  well  as  In  pyrotechnic  articles 
for  technical  purposes  like  report  signals,  battle  siaailatlon  and  practice 
devices,  birdscaring  ammunition  and  anti-riot-devices  for  Instance. 

The  special  hazards  In  Manufacture  and  use  of  these  cooposltlons  result  froo 
the  above-mentioned  combination  of  both  a  high  sensitivity  and  a  strong  ex¬ 
plosive  effect.  The  paper  presents  the  safety  characteristic  data  of  some 
flash  compositions  (thermal  and  mechanical  sensitivity  and  sensitivity  to 
detonation  shock).  In  particular,  the  explosive  strength  of  flash  compositions 
Is  compared  with  some  values  found  for  commercial  explosives. 

Furthermore  a  comparison  between  a  potassium  perchlorate-aluminium-mixture 
and  trinitrotoluene  Is  made  on  the  basis  of  shock  wave  measurements. 

The  conclusion  is  that  the  public  security  may  be  considerably  endangered  by 
the  abuse  of  pyrotechnic  flash  compositions,  because  they  are  able  to  explode 
even  without  confinement,  but  do  not  need  a  detonator. 

Problems  of  detection  and  analysis  of  the  flash  compositions  and  their 
reaction  products  will  be  discussed. 


i 

i 
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ZUSAMMENFASSUNG 


Die  Karapfmittelr&umdienste  linden  auch  heute  noch  Munition  aua  frilhe- 
ren  Kampfgebiaten.  Beaonders  gefShrliohe  ROatungaaltlasten  sind  Bomben 
blindg&nger.  Zur  EntachSrfung  dieser  BombenblindgAnger  stehen  dem  Feuer 
werker  eine  Vielzahl  von  Methoden  zur  Verfflgung  Obar  deren  Einsatz 
allein  die  ZweckmABigkeit  entacheidet.  GegenQber  der  Behandlung  eigener 
bekannter  Munition  birgt  unbekannte  und  oftmala  ungleichartige  FVind- 
munition  fdr  die  Kanpfmittelr&umdienste  zus&tzliche  Risiken  in  sich. 
Insbesondere  weiaen  die  Produkte  dea  letzten  Weltkriega jahrea  erheb- 
liche  Abweichungen  auf. 

Aus  QrQnden  der  Arbeit saicherheit  1st  der  Einsatz  von  Fernentach&rfungs 
methoden  vorrangig.  Es  wird  eine  modifizierte  Low -Order -Spr eng tec hnik 
vorgeatellt,  die  den  Fernentsch&rfungsraethnden  zuzuordnen  iat.  Dieae 
Methode  sieht  vor,  daB  die  Hauptladung  angebohrt,  geprttft  und  mit  einer 
definierten  Sprengladung  so  angeregt  wird,  daB  die  Bombenhttlle  ledig- 
lich  gefiffnet  wird.  Eine  Volldetonation  (High-Order)  der  Hauptladung 
tritt  nicht  ein. 
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1.  einfOhrung 

In  der  Bundearepublik  Deutschland  einschlieBlich  Berlin  (West) 
werden  jAhrlich  durchschnittlich  1  000  t  RQstungsaltlasten  durch 
die  KampfmittelrAumdienste  von  Bund  und  Under  geborgen  und 
vemichtet.  Darunter  befindsn  sich  eine  Vielzahl  von  Spreng- 
kOrpern,  meiat  BlindgAnger,  die  wegan  der  Tranaportunsicherheit 
durch  Feuerwerker  vor  Ort  geaprengt  Oder  entschSrf t  werden  mOssen. 

Der  Zuatand  von  Bomben,  die  als  Hauptladung  SO  kg  Sprengatoff  und 
mehr  enthalten,  atellt  nach  raehr  ala  4  Jahrzehnten  unkontrollierter 
Ablagerung  eine  lebensbedrohende  Gefahr  dar. 

Bereita  der  bestimaungsgemABe  Ungang  mit  Munition  ist  gefAhrlich 
und  erfordert  Sachkunde.  Das  Gefahrenmoment  ateigert  sich  erheb> 
lich,  wenn  Munition,  wie  Bomben,  Granatan,  Minen,  u.  a.  m.  unkon- 
trolliert  ttewelteinf lOaaen  flber  eine  lange  Zeit  auagesetzt  aind. 
Cbeaische  Reaktionen  der  eingebrachten  Komponenten  kfinnen  zur 
Bildung  von  besondera  empfindlich  reagierenden  Subatanzen  fflhren, 
wie  Azide  und  Pikraten. 

2.  THEORETI SCHER  ANSATZ 

Die  Uberlegungan ,  die  zu  dieaer  EntschArfungamethode  gefdhrt  haben, 
baeieren  auf  Beobachtungen  aus  der  Kampfmittelbergung.  Allgemein  be- 
kannt  aind  BlindgSnger,  die  von  auBen  keine  Deformation  der  Bomben - 
hQlle  erkennen  lasaen.  Daneben  gibt  ea  Funds  von  Bomben blindg&ngern, 
bei  denen  die  BombenhOlle  gefiffnet  ist  und  die  Hauptladung  sich 
offenkundig  nicht  umgasetzt  hat.  Die  ErklArung  findet  sich  in  der 
Regel  dar in,  dafi  der  Bombenkdrper  auf  eine  harts  Materia  aufge- 
schlegen  ist  und  so  die  Materi* ldehnungsgrenzen  Oberschritten  wurden. 
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In  der  Praxis  apricht  man  von  sogenannten  Zerschellern .  Das 
klassische  Bsispiel  sines  Zerschellers  zeigt  das  Bild  1 . 

Dieser  Blindgftnger ,  sine  MC  1  000  (US) -Bombs,  traf  auf  sins 
Glsisanlage.  Die  Offnung  dsr  BombsnhQlle  ist  in  dsr  gezeigten 
Weiss  mit  dsn  Iclassischsn  physikalischsn  VorgSngen  sines  Auf- 
treffens  dsr  Bombs  auf  die  Eisenkante  dsr  Glsisanlage  erklAr- 
bar.  Die  Elastizit&tsgrenzs  des  Materials  wurde  Obsrschritten. 


Bild  1  :  Bombsnblindg Anger  Typ  Zsrschsllsr 


Dieser  vislfach  uneingsschrSnkt  vsrtretsnsn  Zerschellsr-Ibsoris 
stshsn  Erkenntnisse  aus  andsrsn  FUndsn  von  Bombenblindg&ngern 
sntgsgsn . 
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Seltener  ist  ein  Fund,  wie  er  in  dan  Bild  2,  airier  Collage  ainar 
britischen  GP  1  000-Bomba ,  gazeigt  wird.  Dar  KOrper  wurda  nahezu 
senkrecht  im  Bodan  steckand  aufgef unden,  Das  Kopfteil  dar  Bomba 
ist  unversehrt,  w&hrend  das  bazOndarte  Hecktail  geftffnet  ist. 

Die  Hauptladung  ist  abanfalls  offankundig  unumgesatzt.  Dia 
ursprQngliche  Bombanforn  einschliaBlich  das  BodanzOndars  ist 
zeichnerisch  dargestellt. 


Bild  2:  Collage,  Gadffnater  Bomben bl i ndgSnger  und  3om ban schema 


Das  gazeigta  Schadansbild  ist  mit  dan  Vorstellungan  zu  dar  fcerschellar- 
■nieorie  nichtnehr  erklSrbar. 
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B«i  gonauarar  Untarauchung  atallt  man  faat,  daft  dia  Boo* tars tufa 
in  dar  Zdndketta ;  AnzflndhQtchan ,  Blaiazid  (Ubartragungaladung ) 
und  Tatryl  (Varst&rkarladung ,  Booatar)  nicht  baatinmungsgam&S 
gaarbaitat  hat.  Bakannt  iot,  daB  aa  tachnisch  badingt  zu  Auaf&llan 
in  dar  Ablauf funktion  von  Zflndkattan  kooman  kann.  In  dam  vorga- 
atalltan  Fall  hat  dia  fraigaaatzta  Enargia  aua  ainar  Tailraaktion 
auagaraicht,  um  dan  BombankBrpar  tailwaiaa  zu  zarlagen.  Sia  war 
jadoeh  zu  goring ,  un  dia  Hauptladung  zur  vollan  Usaatzung  anzu- 
ragan.  Dia  Bomba  vurda  durch  aina  Tailraaktion  unwirkaam.  Diasa 
Baobachtungan  haban  zu  dar  Voratellung  gefOhrt,  daB  dia  gezialta 
HarbaifQhrung  daa  in  Bild  2  gazaigtan  Schadanabildaa  ain  gawdnachtaa 
Ergabnia  bai  dar  UhschBdlichmachung  von  Bombanblindg&ngern  aain 
kdnnta. 

Diaaaa  Ergabnia  kdnnta  untar  folgandan  Badingungan  bzw.  bai  dar 
Raaliaiarung  folgandar  Randbadingungan  arraicht  wardan: 

a)  Im  BombankBrpar  wird  ain  Druck  arzaugt,  dar  so  groB 
iati  daB  dia  Matariaidahnungagranzen  achlagartig  Ober- 
achrittan  wardan. 

b)  Dia  Offnung  dar  BombanhQlla  aoll  gazielt  erfolgen, 
und  zwar  darart,  daB  dar  Sprangatoff  dar  Hauptladung 
frai  zug&nglich  iet.  Splittarbildung  iat  unerwOnscht. 

c)  Dar  Enargiaaintrag  aoll  ao  garing  gahaltan  wardan,  daB 
kaina  initiala  Anragung  dar  Hauptladung  arfolgt. 

Dar  ftruek  im  BombankBrpar  kann  durch  Sprangatoff  arzaugt 
wardan. 
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Mann  der  Annate  zu  diaaar  Method*  grundaAtzlich  richtig  iat,  mQBte  aina 
AuBarat  garinga  Manga  an  Sprangatoff  -  bazogen  auf  die  Hauptladung  - 
auaraichan,  ua  daa  Of f nan  dar  BoabanhQlla  ohna  Detonation  dar  Hauptladung 
zu  erreichen. 

Urn  dar  Porderung  nach  achlagartigam  CTuckaufbau  zu  antaprachan,  wurde  zur 
Erzeugung  dar  Auf  faruchanergi#  ain  Sprangatoff  mit  hohar  Detonationage- 
achwindigkait  gewAhlt:  Tetranitropentaerythrit  (PETN).  Die 

Detonationageechwindigkait  betrAgt  8  400  m/a,  bai  Schnuranwendung 
ca.  7  000  m/a.  Bum  ainan  aollta  erraicht  warden ,  daB  die  Anragung  dar 
Hauptladung  mdglichat  kurz  iat  und  zum  andaran,  aollta  die  Hauptladung 
antgagan  dar  Abaicht  durch  dan  noch  vorhandenen  ZQnder  zur  Detonation 
angaragt  warden,  wAra  die  BombanhOlla  zum  Zeitpunkt  dar  Initiiarung  dar 
Exploaion  dar  Hauptladung  durch  dan  noch  vorhandenen  zander  bereits 
gefiffnet.  Ein  eintretender  Schaden  wQrda  garingara  AuamaBe  haben. 

3.  DURCHF0HRUNG  DER  ENTS  CHXR  FUNGS  METHODE  NACH  DER  LOW-ORDER-SPRENGTECHNIK 

Dan  grundaAtzlichan  Aufbau  diaaar  Method*  zaigt  die  Prinzipakizz# , 

Bild  3. 


Bild  3:  Prinzipieller  Aufbau  zur  EntachArfung  von  BombanblindgAngarn 
nach  dar  Low-Ordar -Sprang  tachnik 
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Jeder  EntschArfung  ist  die  zveif®lsfrei®  Identif izierung  dor  Munition 
voranzustellen.  Gog® bonenf alls  auch  durch  Untorauchungamothodon, 
die  im  Fall  von  Fremdmunition  ainen  Auf schluB  fiber  den  inneren  Aufbau 
des  BcmbenkOrpere,  inabeaondere  dea  Zflndere,  erlauben. 

Die  zu  erprobende  Methode  wurde  faat  auaschlieBlich  an  Bomben  durchge- 
ffihrt,  die  Trinitrotoluol  (TNT)  ala  Hauptladung  enthielten. 

Nach  der  beachriebenen  Methode  wird  in  den  aicher  gelagerten  Bomben - 
k fir pern  asymwetrisch,  quer  zur  LAngaachs®,  eine  8  mm-Bohrung  nieder- 
gebracht.  Eine  KQhlung  dea  Material a  beim  Bohrvorgang  eracheint  nicht 
erforderlich.  Vergleichbare  Belaatungen  dea  Hauptsprengstoffes  waren 
in  dem  Heratellungaverfahren  ebenao  fiblich,  wie  bei  der  Beaeitigung 
von  GroBbomben  mittela  eingeffihrter  BombonschneidgerAte.  Der  Bohr¬ 
vorgang  kann  femgeateuert  durchgeffihrt  warden.  Die  Bohrung  wird  je 
nach  Mantel atirk®  100  -  300  mm  in  den  Hauptladungaaprengatoff  gefflhrt, 
wo bei  daa  Material  der  Hauptladung  auagetragen  wird. 

Demit  erh&lt  man  zweifelafrei  AufachluS  fiber  den  tatsAchlichen  Ladunga- 
inhalt. 

Tk'ifft  man  beiit  Bohi  an  auf  einen  sogenannten  bunker,  einen  Hohlraum 
in  der  Hauptladung,  ao  ist  der  Bohrvorgang  an  anderer  Stella  zu 
wiederholen,  sofem  nicht  die  vorgenannte  Kontaktatrecke  von 
100  -  300  nan  erzielt  warden  konnte. 

In  daa  8  mm -Bo  hr  loch  wird  der  Bohrtiefe  entaprechend  Standardapr®K«g— 
achnur  geffihrt.  Die  veiwendete  Standardaprengachnur  enthAlt  12,  5  g  PETN 
pro  Meter.  Damit  betr&gt  die  eingebrachte  Mange  an  PETN  antoilmABig 
1 ,25  g  bis  3,75  g. 

Pfir  die  Kapaelraontage  auflerhalb  der  Bombenhfille  belaaaene  SchnurlAngen 
bleiben  in  der  Berechnung  unberfickaichtigt.  Die  ffir  eine  funktiona- 
fAhige  Booster -Ladung  notwendige  PETN-Menge  liegt  dem  derzeitigen 
Erkenntnioatand  zufolge  bei  mehr  ala  4  g,  sofem  TNT-Sprengatof  feat- 
gestellt  wurde. 
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Das  Ergo bn i a  ainer  EntachSrfung  nach  dar  Low-Order-Sprer.gtochnik 
zeigt  daa  Bild  4 


Bild  4:  Ergebnis  ainar  EntachArfung  nach  der  Low-Order -Sprengtechnik 


In  faat  alien  Exparimantan  wurde  bai  diaser  EntachArfungamethodo  der 
Zdndar  won  dar  Hauptladung  gatrannt.  Die  ttffnung  dar  BonbenhQ) la  er- 
1'olgte  atats  in  dar  Form ,  daB  die  Hauptladung  frai  zugSnglich  und  in 
StOckenform  vorlag.  Die  Offnungalini*  fflhrte  m  jadam  Verauch  durch 
daa  Bohr loch. 

Sait  Ok  to  bar  1987  warden  25  Boos  bon  unterachiedlichater  Herkunft  nach 
dar  vorgaatalltan  Mathoda  entachirft. 

Eina  Ubaraicht  gibt  die  Taballa. 


typ 
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In  3  Fallen  erfolgte  eine  detonative  Umaetzung,  d.  h.  die  Hauptladung 
wurde  durch  die  eingebrachte ,  geringe  Mange  an  Sprengatoff  zur  vollen 
Unaetzung  gebracht.  In  2  Fallen  war  eine  von  TNT  abweichend*  Spreng¬ 
atoff  beachaffenheit  featgeatellt  worden.  Die  dritte  Anordnung  war  mit 
einea  hfiberen  PETN-Anteil  (5,5  g)  veraehen. 


4.  DISKUSSION  DER  VERSUCHSERGEBNISSE 

In  ereter  Linie  iat  auazuwerten,  welche  ErklArungen  es  dafdr  geben  kann, 
daS  in  3  Fallen  von  25  die  Methods  nicht  zu  dea  gewdnsohten  Erfolg  fflhrte. 
Dazu  iat  ea  notwendig,  einige  nShere  Betrachtungen  zum  Mechaniemua  der 
Methods  aufzuatellen. 

Der  ursprOngliche  Qadanke  der  Mathode  liegt  in  der  Annahme,  daB  die  Er- 
zeugung  der  Druckwelle  in  einem  inkonpresorblen  Medium  durch  die  ange- 
gebene  Mange  ah  Hochleiatungaaprengatoff  auareicht,  urn  den  Bombenkdrper 
zu  Sffnen.  GJrobe  Abach&tzungen  der  Drucke,  die  bei  einer  Detonation  xn 
einem  Bonbenkdrper  entatehen,  haben  ergeben,  daB  -  Naterialdelekte  auBer 
acht  gelassen  -  die  BombenhOlle  dam  entatehenden  truck  wider atehen 
mdfite.  Die  Berechnungen  wurden  durch  Experiments  bestatigt. 

Wir  leiten  daraua  ab,  daB  die  Hauptladung  an  den  Aufbau  dea  notwendigen 
truckea  zur  Oberwindung  der  Materiaikr&fte  beteiligt  iat.  Der  Energie- 
eintrag  in  daa  gegoacene  Trinitrotoluol  iat  an  dem  Zuatand  der  Haupt¬ 
ladung  erkennbar.  Ea  iat  wahracheinlich,  daB  VorgSnge  ablaufen,  die  den 
Anf&ngen  einer  Deflagration  entaprechen.  Die  Anregung  der  Hauptladung 
bleibt  aber  unterhalb  dea  notwendigen  Energieeintragea  f dr  eine  voile 
Anregung  zur  Unaetzung  dea  Trinitrotoluols  (TNT). 
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Wartat  man  dia  Varauchaargabniaaa  dar  Taballa  unter  diaaam  Gaaichta- 
punkt  aua ,  so  Bind  bai  dan  Varauchan  Nr.  8  und  Hr.  9  andara  Badingungan 
zu  un tar Italian,  ala  in  allan  andaren  FSllen,  auaganommen  Varauch  Nr.  23. 
Dia  Hauptladungan  dar  Varaucha  Nr.  8,  dunkelbraunes  (Sranulat  bzw. 

Varauch  Nr.  9:  TNT  Struktur  mit  gelb-grflner  Farbgebung  konnten  nicht 
idantifiziart  wardan. 

Im  Varauch  Nr.  23  handalta  aa  sich  ure  dia  in  Barlin  nur  noch  aahr 
aaltan  gafundana  1  000  lba-Bomtoa  britiacher  Harkunft.  Zur  Bffnung  der 
EtambanhOlla  wurdan  ca.  5,5  g  PETN  aingabracht.  Die  Manga  war  damit 
raindaatans  doppalt  so  hoch,  wia  in  allan  Obrigan  Varauchan  und  raichta 
aua,  um  dia  Hauptladung  zur  Unaatzung  anzuragan. 

Dia  Au avert ung  diaaaa  Varauchaa  hat  gazaigt,  daB  bai  ainar  Ladunga- 
■nanga  von  2  -  3  g  PETN,  wia  oia  bai  dar  Varaucharaiha  aonat  Qblichar- 
waiaa  varwendat  wird,  ain  zufriadanstallandaa  Ergebnia  im  Sinna  ainar 
Entsch&rfung  arwartat  wardan  darf.  Dia  Varaucha  fOr  Bcmben  mit  Haupt- 
ladungamangan  von  Qbar  250  kg  Sprang a toff  sind  nicht  abgaachloaaan. 

5.  FAZIT 

Die  vorgaatalita  Mat  hod  a  dar  Entsch&rfung  untar  Anwsndung  dar 
U>w-Ordar-Sprangtachnik  arachaint  uns  geaignat,  hinraichand  abga- 
aichart  zu  aain  ffltr  Bomban  mit  Trinitrotoluol  (Hauptkomponanta) 
ala  Hauptladungamanga  bia  zu  Ladungamangan  von  250  kg  Sprangatoff. 

Sia  trftgt  dan  Unw&gbarksitan  von  Fundmunition  in  oaaonderar  Weis* 

Hachnung . 


